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ABSTRACT
Algal Growth Potential and Nutrient Limitation in The Las 
Vegas Bay, Lake Mead, Nevada
by
Xiaomo Du
Dr. Jacimaria R. Batista. E.xamination Committee Chair 
.Assistant Professor o f Environmental Engineering 
University o f Nevada , Las Vegas
.Algal hioassays were conducted to detemiine algal growth potential (.AGP) and 
nutrient lim itation o f the Las Vegas (LV) Bay o f Lake .Mead using the standard test 
organism Sclcnastriim capricornutuin and the Lake phytoplankton. Results for the current 
nutrient le\ els in the LV Bay revealed that the .AGP o f the LV  Bay waters, measured by 
the maximum specific growth rates is limited by phosphorus (P). Both the growth rates 
and the biomass content indicated the LV Bay is P-limited. Bioassay results, using higher 
nitrogen ( \ )  and phosphorus levels, showed that increasing the N and P o f tlie Bay 
concentrations to levels higher than the current \ allies, signillcantly increased the algal 
growth rates and the biomass content o f the Bay. Correlation o f algal growth rates and 
biomass w ith P and N levels tor all control waters, showed a \e ry  strong relationship 
between algal grow th rates and the dissolved ortho-phosphate concentrations for the Lake 
phytoplanklon. This relationship is weaker for S. capruonutiw n  demonstrating the 
sensitix ity  o f  the Lake phytoplankton to increased P le\ els.
Ill
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CHAPTER 1 
INTRODUCTION
1.1. Statement o f Problem
Eutrophication caused by excessive inputs o f phosphorus (P) and nitrogen (N) is 
the most common impairment o f surface waters in the United States (USF.P.A, 1990). and 
is the most widespread pollution problem o f U.S. estuaries (NRC 1993a).
Eutrophieation causes many negative effects on aquatic ecosystems. Perhaps the 
most ob\ ions symptoms are algal blooms, increased growth o f weeds, deoxygenation 
that causes fish kills, the loss o f habitats, and. in some cases, unpleasant tastes and odors. 
These often adversely affect the vital uses o f water for fisheries, recreation, industry, 
agriculture, and impair aesthetic qualities. Especially, the impact o f  eutrophieation on 
drinking water supply may be serious. Eutrophieation generally reduces final water 
quality, may diminish the safety o f the water supply, and makes the drinking water 
treatment process more d ifficu lt and costly.
.According to the Liebig ’s Law o f the Minimum, the yield o f plants can be limited 
by the nutrient that is present in the en\ ironment in the least quantity relatixe to plant 
demands for grow th ( \  on Liebig, 1855). O f all the mineral resources required for 
phytoplankton growth, inorganic nitrogen (N) and phosphorus (P) are the two principal
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nutrients that have been found to lim it the growth o f algae. However, this nutrient 
lim itation and the roles o f N and P in eutrophieation are different and complex; it 
depends not only on different aquatic ecosystems and eutrophic condition, but also on 
the supplied N: P ratio present in the ecosystem.
M any researchers have shown that in freshwater, such as lakes, reservoirs, and 
streams. P is naturally present in more lim iting amounts than the other essential 
elements. It is also the most common cause o f eutrophieation. since P tends to be 
retained effic iently in these aquatic systems. It has also been shown that that there are 
strong relationships between the biomass productivity and the changing o f nutrient 
levels, such as. P. N and their ratios.
Lake Mead is a 3 x 10 ac-ft lake-reseiwoir in the Colorado River system that is 
located in southern Nevada. It is a multi-purpose reserxoir and its uses include the source 
o f drinking water to 2.0 m illion people, fishing, swimming, and the discharge body to 
treated w astewater eftluents. .All the wastewater generated from the I as Vegas urban 
area is treated by three treatment plants and discharged into the Las Vegas Bay (LV  Bay) 
(part o f Boulder basin o f Lake Mead) via the Las Vegas Wash. The Wash also carries 
wet and dry urban runoff flows to Lake Mead. The LV Bay o f Lake Mead is considered 
to be subtropical, and m ild ly mesotrophic (Vollenweider 1970. C arlson 1977). Due to 
rapid grow th o f the Las Vegas Valley, wastew ater flows have increased at a rate o f 4." 
MGD (m illion  gallons per day) per year since 1991 and now total 155 MGD. The 
loading o f phosphorus and nitrogen to the Lake has also increased significantly. This 
increased nutrient loading enhances the potential for abnonnai algal blooms in the Lake. 
The most serious bloom happened during the spring and fall o f 20ol.
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The Nevada Division o f Environmental Protection (NDEP) is currently reviewing 
receixing water quality standards. Total Maximum Daily Loads (T.MDLs) and 
wastewater discharge pennits. It is believed that, among other parameters, the effects o f 
increasing nutrient loading on the biomass productivity o f  the Lake must be evaluated to 
better understand the vulnerability o f  the Bay to potential blooms and to implement 
measures to slow down the eutrophieation o f the Bay.
1.2. Objectives
The specific objectives o f this research are the fo llow ing:
1. To evaluate the effects o f current nitrogen and phosphorus levels on the algal 
growth potential and current nutrient lim ita tion along the Las Vegas Bay o f 
Lake Mead using both standard pure algal culture (Sclcnasinim  
capriconnitiim) and natural lake phyloplankton.
2. 1 o estimate contribution o f nutrients to the Las \'egas Bay by wastewater 
effluent discharge and non-point source,
3. To consider factors that could promote the increase or decrease o f nutrient 
loading to the Las Vegas Bay o f Lake Mead.
4. To evaluate the effects o f nutrient levels higher than current values on the 
algal growth potential and the changes o f  nutrient limitation, using both 
standard pure algal culture and natural lake phyloplankton.
5. To investigate the relationship among nitrogen and phosphorus levels, algal 
grow th potential and biomass content in the Las \  egas Bay o f Lake Mead.
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CHAPTER 2
LITERATURE REVIEW
2.1 Eutrophieation and its Effects on Water Quality
As early as the 19'’’ Century, anthropogenic inputs o f nutrients to the Earth’s 
surface and atmosphere have increased significantly. This nutrient enrichment can lead to 
highly undesirable changes in ecosystem structure and functioning (Smith. 1999). Since 
the 1960s, it was found that a large number o f lakes, reservoirs and flowing waters, 
particularly those located in industrialized countries, have changed rapidly in character 
and ha\e become increasingly trophic because o f the addition o f plant nutrients 
originating mostly from human activities (OECD. 1982).
The Organization for Economic Cooperation and Dexelopment (OECD) defines 
eutrophieation as “ the nutrient enrichment o f  waters which results in stimulation o f an 
array o f  symptomatic changes among which increased production o f algae and 
macrophytes. deterioration o f fisheries, deterioration o f water quality, and other 
symptomatic changes that are found to be undesirable and interfere with water uses’’ . 
.Although eutrophieation is also a natural "aging’’ process in undisturbed lakes, which 
eventually leads to the disappearance o f the lake itself, this process can be greatly
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accelerated by human beings and when the results o f eutrophieation are undesirable, 
eutrophieation is considered a type o f water pollution.
Eutrophieation can cause many negative effects on aquatic ecosystems. Perhaps 
the most obvious symptoms are algae blooms, increased growth o f weeds, deo.xygenation 
which causes fish kills, the loss o f habitats, and. in some cases, unpleasant tastes and 
odors. It often adversely affects the uses o f water on fisheries, recreation, industry, and 
agriculture. It also impairs aesthetic qualities o f waters. Especially, the impact o f 
eutrophieation on drinking water supply may be serious. It causes clogging in the 
filtration system, bad taste and odor o f the treated water, and possible health risks to 
water supplies. For a number o f reasons, eutrophieation generally reduces the waters’ 
final quality and it may diminish its safety and make the drinking water treatment process 
more d ifficu lt and costly.
The nutrient sources causing eutrophieation o f water bodies are mainly from 
municipal and industrial wastewater, which are considered point sources, and agricultural 
and urban runoff considered nonpoint sources. The relative contributions o f these two 
types o f sources, however, can be much different among watersheds due to local 
population densities and land use (Smith. 1999). .Although a wide range o f  nutrients are 
required for plankton growth, much evidence, from analysis o f algal forms, in situ and 
laboratory studies o f algal growth, shows that phosphorus and nitrogen are the most 
important nutrients controlling algaL growth (Sawyer. 1952; OECD 1982; Maloney 
1971; Powers 1971; Elser 1990). A strong correlation betw een algal biomass and \  and P 
loading has also been observed in most lakes and reservoirs (Dillon and Righer. 1975; 
Jones and Bachmann. 1976; OECD. 19S2).
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Eutrophication caused by excessive inputs o f phosphorus (P) and nitrogen (N), the 
main nutrients that plankton utilize, is the most common impairment o f  surface waters in 
the United States (USEPA. 1990), w ith impairment measured as the area o f  surface water 
not suitable for designated uses such as drinking, irrigation, industry, recreation, or 
fishing. Some research showed that eutrophieation accounts for -50",, o f  the impaired 
lake area and 60" i, o f the impaired river reaches in the United States (USEPA, 1996). and 
is the most widespread pollution problem o f U.S. estuaries (National Research Council. 
1993).
2.2 Nutrients Limitation and Eutrophieation
.According to the Liebig’s Law o f the Minimum, the yield o f plants can be limited 
by the nutrient that is present in the environment in the least quantity relative to plant 
demands for growth (Von Liebig. 1855). O f all the mineral resources required tor 
plankton growth, inorganic nitrogen (N) and phosphorous (P) are the two principal 
nutrients that have been found to lim it the growth o f algae. However, this nutrient 
lim itation o f plankton biomass and the roles o f N and P in eutrophieation are different 
and complex, which is not only dependent on different aquatic ecosystems and eutrophic 
condition, but is intluenced by the supplied N: P ratio in the ecosystems. Many research 
results show that in freshwater such as lakes, reservoirs and streams. P is the most 
common cause o f eutrophieation and is o f great importance as a lim iting nutrient than 
other essential element (Maloney. 1972; Davalos. 1989; Lopez. 1999; Powers et al.. 
1972; Martin. 1975; Kalff. 1983). In the ocean. N becomes the key mineral nutrient 
controlling primary production. Estuaries, however, are widely accepted as transition
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zones where there is a shift from P to N lim itation as we move from fresh water to coastal 
water (R>ther and Dunstan. 1971; N'ixon. 1981). More information on the relationship 
between nutrients and their ratios and eutrophication w ill be introduced in the following 
sections.
Some researchers classify ecosystems using three to four trophic states according 
to their supplies o f growth-limiting nutrients (Smith, 1999). Table 2.1 shows the average 
characteristics o f different ecosystems in different trophic states. .As shown in the table, 
waters having relatively large nutrients supplies are termed eutrophic or hypertrophic i f  
the nutrients supplies are even larger, and those having very low supplies o f nutrients are 
termed oligotrophic. Waters with nutrient levels between these two situations are termed 
mesotrophic.
2.3 Role o f  Phosphorus in Lake Eutrophication
2.3.1 Characteristics o f Phosphorus
Phosphorus is a very important component o f nucleic acids and many 
intemiediary metabolites, such as phosphate in the RNA or DNA chain and nucleotides 
which play an important role in energy and cell-building metabolism (OECD, 1971). 
Most o f  the phosphorus compounds found on the earth surface are not volatile and are 
transported mainly through surface waters. Those phosphorus compounds occurring in 
aquatic systems are phosphates. Phosphates are usually classified as orthophosphates 
(PO4 ' ), condensed inorganic phosphates, and organic phosphates. Orthophosphates are 
applied to agricultural or residential cultivated land as fertilizers and are carried into 
surface waters with stonu runoff and to a lesser extent with meltinu snow
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Table 2.1 Average characteristics o f lakes (Numberg, 1996), streams (Dodds et al., 
1998), and coastal marine waters (Hakanson, 1994) o f different trophic states'* 
(source: modified from Smith, 1999)
Trophic state | TN TP ! Chl-a SD
(m g'l) ; (mg/1 ) ' (mg m ) (m)
Lakes ! Oligotrophic 
; Mesotrophic 
Eutrophic 
Hypertrophic
<0J5
0.35-0.65
0.65-1.20
> 1 . 2 0
1 <0 . 0 1  
0.01-0.03 
1 0.03-0.10 
>0 . 1 0
Î
<3.5
3.5-9
9-25
>25
>4
' 2-4
Trophic stale
!
TN
(mg/1)
1 TP 
1 (m g l)
Suspended
chl-a
(m g m ')
' Benthic ' 
chl-a 
(mg m‘ )
Streams Oligotrophic <0.70 j <0.025 < 1 0 < 2 0
Mesotrophic 0.70-1.50 ' 0.025-0.075 10-30 ; 20-70
Eutrophic
:
i
>1.50 : >0.075 >30 ! >70 '
! Trophic state TN jT P chl-a SD
!
(mg/'l) ; (m g l) (m g m ') (m)
Marine ; Oligotrophic < 0  26 <0 . 0 1 <1 > 6
Mesotrophic 0.26-0.35 i 0.01-0.03 1-3 3-6
' Eutrophic ! 0.35-0.40 1 0.03-0.04 3-5 1 1.5-3
1 Hypertrophic >0.40 ; >0.04
I
>5 <1.5
!
■* The terms oligotrophic, mesotrophic, and eutrophic correspond to systems receiving 
low. intemiediate, and high inputs o f nutrients. H\pertrophic is the term used for systems 
receiving greatly e.xcessive nutrient inputs. TN, total nitrogen; TP, total phosphorus; TIN, 
total inorganic nitrogen; chl-a, chlorophyll a; SD, Secchi disk transparency. It measures 
water transparency by lowering o f a white dish down to the water and reads the 
maximum depth when the disk becomes invisible.
(.APH.A. 1995). They exist in waters as dissolved, particulate or detritus, or in the bodies 
o f organisms (Correll, 1998). Condensed inorganic phosphates are a general temi applied 
to all "pentavalent phosphorus compounds in which various numbers o f tetrahedral PO4 
groups are linked together by oxygen bridges". They are turther classified
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as mclaphosphatcs, polyphosphates and pyrophosphates (Harold, 196()|. Figure 2.1 shows 
structures o f  some condensed inorganic phosphates. Organic phosphates are formed 
primarily by biological processes. Most o f  the organic phosphorus comes from sewage by 
body wastes and food residues. They also may be formed from orthophosphates in 
biological treatment processes or by receiving water biota (.APHA, 1995).
Metaphosphates
\  /  
p
T r im e taphospha te
Polyphosphate
0 0
- 0
0
0 -
0
■ 0 -
0 0 
Tetram etaphosphate
0 0
0 - 0 -
I
0 0
0
0
0 0
n
CHAIN LENGTH n + 4
Figure 2.1 Structures o f some condensed inorganic phosphates
.Among all the fonns o f  phosphorus, orthophosphate is the only Ibrm that 
plankton and plants can intake for metabolisrn. Other phosphorus compounds may he 
transfomied from one fomi to another and chemically release orthophosphate or
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enzymatically. On the other hand, particulate phosphorus stored in bottom sediments is 
not inert and under appropriate conditions, it can be converted by microorganisms and 
released in large amounts in the form o f orthophosphate back to the water column. It is 
this effieieney in trapping phosphorus input that makes the aquatic systems sensiti\e to 
excessive amount o f phosphorus. Figure 2.2 shows the phosphorus cycle in aquatic 
systems, in which the relationship o f different forms o f phosphorus and the 
transformation between them is depicted.
P Ü 4  ±
.Altzae
Bacteria ^
1 ligher 
plants
V
Consumers
Organic P 
A
V
Suspended
solids
Bottom sediment % ;
Figure 2,2 Phosphorus cycle in aquatic systems (source; modified from CoitcI, 1998)
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2.3.2 Phosphorus Metabolism o f .Algae
2.3.2.1 Cieneration o f "High-Energy" Phosphate— .A I P
Phosphorus is ubiquitous and multi-functional in plant metabolism. It is o f 
paramount importance in trapping, conserving, transporting, and donating energy by the 
so-called high energy phosphate bond (~P) in metabolism (Hageman, 1969). In green 
plants, phosphorylated compounds are known to be an important part in converting light 
energy to biological energy (Kuhl. 1974).
As mentioned above, orthophosphate (PO4 ") is the most preferred phosphorus 
form that algae can intake. .According to Kuhl (1974). there are three major processes by 
which algae and all other green plants can incorporate orthophosphate (PÜ4 ’ ) into 
organic "high-energy" compounds: substrate phosphorylation. oxidative
phosphor)dation, and photophosphorylation. The overall reaction is as follows:
Liuht eneruv
.AD1> * PO," " ► ATP
Photo-
Oxidative- phosphorylation
Suhstrate-
In the three biological energy-generating systems, adenosine triphosphate (.A I P) 
is formed as the main 'high-energy' product by transferring orthophosphate (PO4'') to 
adenosine diphosphate (ADP).
2.3.2.1.1 Mechanism o f Substrate Phosphory lation
In the mechanism o f substrate phosphorylation, the carbohydrate substrate (also 
called respiratory substrate ) is generally oxidized prior to the addition o f inorganic 
phosphate (oxidation o f 3-glyceraIdephosphate. pyriuate. and related keto acids and
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phosphoroclastic reactions). In all cases, the "high-energy" phosphate is found in the 
substrate and the compound formed has sufficient energy potential to transfer the 
phosphate to adenosine diphosphate (ADP) forming .\TP.
One classical example o f substrate phosphorylation is the oxidation o f 3- 
phophoglyceraldehyde mediated by the enzyme 3-phosphoglyceraldehyde 
dehydrogenase. Inorganic phosphate is added after the oxidation . forming the high 
energy compound 1-3-diphosphoglycerate which in turn ser\es as substrate for the 
enzyme phosphoglyceryl kinase. This enzyme transfers the high energy phosphate to 
.ADP to form A I P (Hageman. 1969). This process can be expressed by the following 
expressions;
[enzyme: 3-phosphoglyceraldehyde 
dehydrogenase)
3-phosphoglyceraldehyde-------------------------------------------------- ► 1-3-diphosphoulvcerate
N A D H ^ i r
[Enzyme: Phosphoglyceryl Kinase]
1,3-Diphosphoglyceric acid ^ ADP -—  --------- —----------------------------- ►
3-phophoglyceric acid (3-PGA) -r ATP
2.3.2.1.2 Mechanism o f Oxidative Phosphorylation
Phosphorylation linked to the electron transport system o f the mitochondria is 
referred to as oxidative phosphory lation. .An important component o f this process is a 
membrane-bound enzyme, an .ATPase. which contains two parts, a multi-subunit 
headpiece present on the inside o f the membrane, and a proton-conducting tailpiece that 
spans the membrane, fhis enzyme cataly zes a reversible reaction between ATP and ADP
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-  POj. as shown in Figure 2.3. Operating in one direction, this enzyme catalyzes the 
formation o f .ATP by allowing the controlled reentry o f protons across the energized 
membrane. Just as the formation o f the proton gradient was energy driven, the carefully 
controlled dissipation o f the proton-motive force releases energy, some o f which is used 
to synthesize ATP in the process called o \ida ti\ e phosphorylation. In the other direction, 
.ATPase can catalyze the hydrolysis o f ATP and the extrusion o f three H ' to the outer part 
o f the membrane. This results in the conversion o f phosphate bond energy into energy 
represented by a proton-motive force (Brock and Madigan, 1991 ).
ATPase
ADP + Pi ATP
O H ' O H '7 .7
O H ' O H '
O H ' O H '
H"
Out
Figure 2.3 .ATPase action. Protons How in to create proton gradient that drives ATP 
svTithesis and the reverse reaction drives the extrusion o f protons to the cell 
exterior. (FiConsisls o f five polypeptides, a,, (1.;, y, o, and c. These are the 
catal>lic protein, responsible for the interconversion o f .ATP and ADP * P.. 
F() is integrated in the membrane and consists o f three polxpeptides, a, b], cj. 
They are responsible for channeling protons across the membrane.) (Source: 
modified trom Brock and Madigan, 1991)
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2.3.2.1.3 Mechanism o f Photophosphorylalion
In green plants, photophosphorylation is the mechanism to form .\ 1 P. It uses the 
radiant energy o f the sun to drive the synthesis o f  .ATP. This is a process seen only in 
cells capable o f photosynthesis. Light energy excites certain electrons so that they mo\ e 
to higher energy orbitals. In the chloroplasts o f plant cells, certain compounds such as 
ferredoxin and plastoquinone can capture these excited electrons and become reduced. 
These electrons are then passed through an electron transport system similar to the 
mitochondrial system except that the final electron acceptor is N.ADP. .ATP is 
synthesized by using this proton movement to jo in  .ADP and Pi. This is accomplished by 
a system o f membrane-bound enzymes called .ATPases which transfers the electrons b\ 
pumping hydrogen ions across the thylakiod membrane and generates a charge separation 
across the membrane. With the electric potential produced by the charge separation. A I P 
is synthesized from .ADP and PO4 ' . 1 he electrons are finally transferred to \.ADP. 
producing N.ADP! I which can be used as a source o f reducti\ e power for biosyntheses, 
fh is process can also be expressed by the following reactions:
2 11:0------------- ► 0 ;  + 4 e - 4  I f
2 N .AD P '- 4 e' -4  I I ' --------------► 2 N.ADPII -  2 I I '
ADP T. POy” -------------- ►ATP
The whole reaction is:
2 ILO  ^ 2 N.ADP ^ n ADP -  n PO4 *  energy ------------- ► O: - 2 N.ADPII
- 2  I f  *n .A TP
It is certain that all energy-requiring reactions o f plant metabolism is supported by 
this energy-rich' phosphate bonds o f  .ATP (Kuhl. 1974).
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Photophosphorylation is also called light reaction, since it is light-dependent. 
.According to limerson et al. ( 1944). the sole function o f the light reaction in chlorophyll 
system is in the tbrmation o f "energy-rich" phosphate bonds, which are then av ailable to 
drive all succeeding "dark" reactions. The "D ark" reaction, also called the Calvin Cycle, 
occurs in chloroplast stoma. It utilizes the energy produced during light reaction to 
convert CO: to carbohydrates. Tight reaction and the "dark" reaction can be expressed as 
following;
Tight reaction (photophosphorylation):
2 H :0  *  2 N.ADP' -  n ADP ^ n PO./ -  energy--------------► O: ^ 2 N.ADPII
- 2 fT  + n A l P
"D ark" reaction (Calvin Cycle):
6  CO: -  12 N.ADPII -  12 PTO + 18.ATP ------------- ► C J1 ,:0 . -  12 N.ADP
-  18 ADP - I 8 PO4
2.3.2.2 Synthesis and Metabolic Functions o f Polyphosphates in Algae
Condensed inorganic phosphates are normal constituents o f  algal cells. After 
taking up orthophosphate from the external environment, algae can synthesize 
polyphosphates from external orthophosphate in the light. This was first investigated by 
Wintermans (1955). lie  found that the conversion o f external orthophosphate to 
intracellular polyphosphate was light-saturated at a mueh lower intensity than was 
photosynthesis and synthesis rate o f polyphosphates was higher in the absence o f CO:.
1 he optimum rate occurred at pH 4. Nitrate had no effect on the rate, glucose was 
somewhat inhibitory and oxygen was not required. From his research, he concluded that
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in algae inorganic polyphosphates are synthesized in the light at the expense o f ATP 
whieh is generated by photophosphorylation (VVintermans. 1955).
The intluence o f light on polyphosphate synthesis in algae was demonstrated by 
Kuhl ( 1962b). He found that much more polyphosphate can be synthesized and at a faster 
rate in the light than it can be synthesized in the dark. The energy for polyphosphate 
synthesis in the dark is provided by oxidative phosphorylation using inhibitors o f cell 
respiration (Kuhl. 1974).
2.3.3 Evidenee o f Phosphorus as a L im iting Nutrient
Sinee 1970s. P limitation in freshwater ecosystems has been demonstrated 
rigorously at several hierarchical levels o f  system complexity, from algal cultures to 
whole lakes. The diatom Cyclotelta iiana grown in P-limited media in Fuhs's experiment 
(1972) showed the diatom’s growth was limited by the availability o f P (Fuhs et al.. 
1972). Maloney and other researchers did a series o f bioassay experiments o f nine lake 
waters from the Great Lakes region using the Provisional .Algal .Assay Procedure. The 
results showed that the growth rates o f Selenustnun capncnniuiwn  most often respond to 
the addition o f  phosphate, rather than N. which indicates that most o f these lake waters 
contained lim iting concentrations o f P (Maloney et al.. 1972). [n siiu bioassay 
experiments (also called Mesocosm experiments) in which 320 liters o f Minnesota or 
Oregon lake water were enclosed in clear plastic bags and then enriched with various 
nutrients were carried out in 1969. From the results, it is found P was the primary 
controlling nutrient when positive responses were found (Powers et al.. 1972). Similar 
experiments in which 1000 to 4000 liters o f water trom Lake Michigan were also
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performed by Schelske and Stoermer and they concluded that P was the lim iting nutrient 
in lake Michigan (Schelske and Stoermer, 1972). Later Lopez and Davalos used 
laboratory bioassay experiment, with both standard culture and lake algae to evaluate 
algal growth potential to the nutrient lim itation. They found that waters from urban and 
industrial settlements have a high algal growth potential and phosphorus limits algal 
growth (Lopez, and Davalos. 1999).
On the other hand, the results o f many successful restorations o f eutrophic lakes 
show that, by restricting the use o f P-containing detergents and removing phosphorus 
from wastewater or diverting the discharge o f wastewater effluents, a substantial decrease 
in eutrophication level, reduced concentrations o f plankton biomass and increased Secchi 
disc transparency have been found in the receiving water bodies. One excellent example 
o f a successful lake restoration is that o f Lago Maggiore. Italy. Lago Maggiore is a large, 
deep and P-limited lake. Until the 1950s. this lake exhibited the characteristics o f 
oligotrophy, with low epilimnetic concentrations o f inorganic \  and P. and low levels o f 
primary productivity (Roggiu et al. 1985). However, over a threefold increase in biomass 
production was observed by the mid-1970s, and nuisance blooms o f cyanobacteria also 
occurred after exeessive P and N loading was discharged into the lake during the 195()s 
1970s (de Bemardi et al.. 1996). This was caused by industrial and economic 
development o f  the upstream area, the use o f  P-containing detergents and fertilizers and 
the disposal o f  untreated human sewage into the lake. However, alter external nutrient 
loading controls were implemented in the watershed which included the construction o f 
sewage treatment plants and restrictions in the use o f P-containing detergents, 
epolirnnetic concentrations o f total P have subsequently declined from 30-35ppb to III
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ppb and a parallel decrease has occurred in algal biomass. Presently, such reversal o f 
eutrophication is still continuing (de Bemardi ct al.. 1996). More comprehensive 
treatments o f  eutrophication and the restoration o f eutrophic lakes and reservoirs can be 
tbund from Rechhow and Chapra ( 1983). Sas ( 1989), Edmondson (1991 ). Harper ( 1992). 
Cooke et al. (1993). and Smith ( 1998) (Smith et a l . . 1999).
.After many years o f research on the effects o f nutrient additions on lake 
productivity Vollenweider (1976) made a simple empirical model that relates algal 
biomass (CU in mg m ) to total P input rate (Lp in m gm  .day), mean water depth ( /  m 
m). and ou lllow  per unit o f lake surface area(Q. in m nr.day);
Cla = (Lp/Qd/[l +(z,Qs)"-]
.According to Correll (1998). this model fit the data from most o f the lakes and 
reservoirs that had been studied in the world and accurately predicts trophic status based 
only on input rates o f one nutrient. P. Partly due to its simplicity, the Vollenverder model 
is still w idely used in lake water quality management. This model again very strongly 
shows the importance o f P in the eutrophication o f lakes and reservoirs.
2.4 Role o f Nitrogen in Eutrophication
Besides phosphorus, nitrogen is another important macronutrient required for 
algae growth. The two most common sources o f nitrogen used for growth o f  algae are 
nitrate (N O /)  and ammonium ions (N H ; '). but ammonium is utilized preterentially 
(Syrett 1962). While most o f the researchers believe that phosphorus is o f great 
importance as a lim iting nutrient in freshwater ecosystems, many studies also show that 
nitrogen can be both a primary lim iting nutrient and a secondary one which can enhance
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the effect o f  phosphorus addition (Elser et al.. 1990). In some lakes, like Lake Tahoe, 
only adding nitrogen can produce enhanced algal growth rates which indicates that the 
lake is N lim ited (Goldman. 1981 ). However, short-term enrichment experiments o f lakes 
hav e shown much greater algal growth when both N and P are added together than when 
they are added alone (Elser and Kimmel. 1985; Howarth and Cole 1985; Wurtsbaugh. 
1988). That happens especially when a lake is already highly enriched with P. adding 
more P w ill have little effect, while adding N w ill bring additional eutrophication (Elser 
et al.. 1990).
Since Ryther and Dunstan first concluded, in 1971. that there is a shift from P to 
N limitation as ecosystems move from fresh water to coastal waters, this generalization 
has been w idely accepted (e.g., review by Nixon, 1981). However. Heck y and Kilham 
( 1988) challenged the basis for this conclusion because the generality and severity o f N 
limitation in the marine environment had not been rigorously demonstrated. Most 
scientists have tried to determine why this apparent shift from P limitation to N limitation 
occurs. They found some widely observed reasons that may explain this shift, including, 
more efficient recycling o f P in estuaries, the high losses o f fixed N to the atmosphere 
due to denitrification in coastal waters (Nixon. 1981 ). and the role o f sulfate in recycling 
P in coastal sediments (Caraco et al.. 1989). Lebo and Sharp (1992) observed that 
regenerated phosphate was sufficient in Delaware Bay to supply almost all o f the 
plankton P demand except during the spnng bloom and estuaries, especially at their 
upstream ends, and transition zones.
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2.5 The N;P Ratio and the A lgal Growth
As it was mentioned above, the nutrient lirnitation o f plankton biomass not only 
depends on different aquatic ecosystems and eutrophic condition, that is, the N. P and 
other nutrients loading to such ecosystems, but it is also influenced by the supplied N: P 
ratio in the ecosystems.
From the 1930s to the 1950s. a series o f studies o f laboratory cultures o f  algae and 
natural marine phytoplankton populations led to a concept that under reasonably good 
growth conditions, algae w ill have a constant elemental composition with relatively 
defined atomic ratios (C: N': P = 106:16:1). known as Redfield ratios (Redfield. 1958; 
Goldman and Peavey, 1979). According to this concept, natural ecosystems in which the 
N: P ratio is greater than the Redfield ratio are often assumed to be systems in which 
algal growth or biomass is limited by P. However, it should be noted that this Redfield 
ratio is an approximation and is not necessarily universally applicable. Later studies also 
showed that the Redfield ratio is neither a ratio at which maximum growth rate o f 
phytoplankton was achieved, nor a constant cell nutrient component ratio (Tett et al.. 
1985). Instead, more studies have shown that, cellular N: P ratios are species-specific and 
intluenced by the growth phase o f  algae, light intensity and quality, and temperature.
Optimum N: P ratios (the ratio at which one nutrient limitation changes over to 
the other) o f seven species o f freshwater planktonic algae detemiined by Rhee and 
Gotham (1980) showed that the ratio varied over a wide range from 7 to 30. among 
species (Table 2.2). Cellular N; P ratios varied over a 24-hour period under a light to dark 
cycle. .According to Correll and Tolbert (1962), a pure culture o f an alga growing in a 
constant and saturating supply o f nutrients w ill vary its P content per biomass fourfold
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depending only on w hat stage o f the algal cell division cycle is present. .Also, the ratio o f 
\  or P in algae can vary approximately twofold due only to variation in either light 
intensity or light quality and the N to P ratios varied threefold between algal species 
when all other variables were held constant ( Wynne and Rhee. 1986). Likewise, fourfold 
shifts in N: P ratios were shown to be due to changing only temperature or light (Jahnke 
et al.. 1986). Algal cultures subjected to P defieiency shift from N: P ratios o f about 15 to 
about 100. then upon exposure to phosphorus shift to ratios o f less than 10 (Sakshaug and 
Holm-Hansen. 1977).
Therefore, for the same N: P ratio in the waters but different algal species in the 
waters or same type o f species but under different growth environment, different nutrient 
limitation can be expected. However, N';P ratio in algal cells and the ratio in the water are 
still often useful clues when attempting to understand algal-nutrient interactions and to 
evaluate lim iting  nutrient once the ratios for those particular aquatic systems are known. 
Table 2.3 lists the N;P ratio o f several waters and lim iting nutrient found for the w aters 
studied.
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4 Lake
L'hapala,
Mexico
1U89 ' 0 .512 '" '
1
,
0.705 '
1
____________
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bioassay 
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&  lake 
algae
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Oligotrophic: none olThe nutrient additions had an significant effect on the algal growth rate.
w
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2.6 Other Nutrients .Affecting Lake Eutrophication
In addition to phosphorus and nitrogen, many other elements also affect algal 
growth. This is obviously because some o f them, such as C. II, O. N. P, and S. are 
essential elements o f  all algae, and some other elements, such as Fe, Mg, K, Si . Mo and 
Ca, play roles in photosynthesis, respiration, and other basic metabolic processes. Table 
2.4 lists elemental composition o f algae. These elements are known to be required by at 
least some algae (Healey, 1973). In this section, some elements like C, Fe, and Si and 
their functions in algae growth w ill be brieflv reviewed.
Fable 2.2 O ptim um  cellular N 
Gotham, 1980)
: P ratios o f  seven freshwater al tae (source; Rhee ant
Species .Minimum quota'* 1 
(.Mean ± SE)
Ceil quota"* 
(Mean ± SE)
Optimum N: P
q<)\' I qop
11
qs" 1 qp qov • q<)p qs : qp
A iik is inhk ’smuni
falcaius
92.1 3 A')
1
4.4 r  0.3 !
1
212.0 r 38.0 10.2 : 13 !i
21
A stfh iinc lla
fonnosa
I11 !
119.2 ±5.9 ;
1
i
9.8 ± 1.8 I
!
12
F riiy tliir ic i
crolnncnsis
68.3 .-9.1 1 2.7 r  0.2 1
j !
i
Melosira : 
hiiulcrana 1
424.5 r  123.5 59.5 : 2.5
M icro i vstis sp. 9 2 i  1.2 ■ l . I r O . 4  1
;
I)
ScL’Udsliini ; 
capriconmtum  !
48.1 r  2.1
1
2.0 t o .1
i
109.0
i
5.0 * 0.4 24 1 1
Syiicdra ulna 565.6 rCi.O ,
i1
>6.7 t  1.2 10
ScL’iiciL'sinus
ohlicpiiis
45.'’ : 5.0 1.6 t  0.1 i 86 0 2.9 29 30
10 ' qg as N or P cell
10 ' Lig as N or P cell at growth rate of 0.45 day (cell quotas for Si L'iicdfsnius ohliquus arc at a 
growth rate o f 0.58 day) 
q, = the minimum intracellular concentration or subsistence quota of N or P 
q = the cell quota of N or P
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2.6.1 Carbon
Carbon dio.xidc is the source o f cell carbon during the characteristic photoautotrophic 
growth o f  algae. Most o f  the energy produced front photosynthesis o f  algae is used to 
convert CO ; into reduced organic carbon compounds. For many species o f algae. CO; is 
the only carbon source, which can support growth. Since most algae are submerged 
aquatic organisms, they are exposed to H;CO; and its ions. H C O f and C O f'. as well as 
the unhydrated CO; available to terrestrial plants. .All algae seem to be able to take up 
free CO; first, since it readily diffuses across cell membranes. H C O f is the second choice 
and not all algae can take it up. because Uptake o f HCO-, at a rate sufficient to support 
net photosynthesis requires active transport o f H C O ;. It is possible that the rate at which 
inorganic carbon enters the algal cell can lim it the rate o f  photosynthesis under natural 
conditions (Raven. 1971). On the other hand, since inorganic carbon system in water 
depends on pH and alkalinity, carbon may become a lim iting nutrient i f  the water has low 
alkalinity.
Another interesting point is that algae grown under other nutrient (N, P) 
deficiency are generally rich in stored carbon compounds. W ith this supply o f  readily 
m etaboli/able  carbon compounds in the cells and when this stored carbon is adequate to 
SLippoil renewed growth, an instant increase in carbon fixa tion  fo llow ing  addition o f  the 
deficient nutrient is expected. That is the reason why addition o f  the required nutrient to 
deficient algae is followed by a rapid uptake o f  that nutrient (Healey. 1973).
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Table 2.4 Elementary composition o f algae (source: Healey. 1973)
dement  Dry Weight, (qg mg)__
Averaue | Range
Relative atoms
H 65 29-100 : 8.140.000
C 430 175-650 4,460,000
O ' 275 ! 205-330 ' 2,120,000
N ' 55 i 10-140 487,000
Si 54 : 0-230 237,000
K 17.3 1.0-75 55,000
P 11 ' 0.5-33 43.800
Na 6.1 0.4-47 ! 32.500
Mg 5.6 0.5-75 28.700
Ca 8.7 0.0-80 27,500
S 5.9 1.5-16 23,800
Fe 1 ^ 0.2-34 13.800
Zn 0.28 0.005-1.0 540
B ; 0.03 0.001-0.25 350
Cu 0.1 0.006-0.3 200
Mn 0.06 0.02-0.24 I 138
Co 0.06 0.0001-0.2 125
Mo 0.0008 0.0002-0.001 i 1
2.6.2 Iron
The iron requirement in biological o.xidation-recluction applies to algae as well as 
to other living organisms. Iron is a component o f cytochromes and ferredoxin. members 
o f electron transport chains involved in photosynthesis, respiration, and N; fixation, and 
is active in a variety o f enzymatic reactions. Fe-deficient algae were found to produce 
llavodoxin. This is a fiavcprotein. lacking Fe. which can substitute for the Fe-protein. 
terredoxin. in most or all reactions (Healev. 1973).
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2.6.3 Silica
.Although silicon is the second most abundant element in the earth’s crust, only a 
few groups o f algae utilized this element in cell wall structures. In addition to the well 
know silicified frustule enclosing diatom cells, siliceous structures are found in the 
silicotlagellates and in certain Chryophyceac, chlorophyceae. phaeophyceae. and 
Xanthophycoae. The only form o f Si available for uptake by diatoms appears to be 
orthosilic acid (fUSiO^). Other Si compounds are found to be utilized only to the extent 
that they arc hydrolyzed to soluble silicate. SiO; • nfUO. (Darley. 1974).
2.7 .Algae in the Environment
Besides nutrient uptake, algae play important parts in water quality and water 
po llu tion  control, such as. eutrophication. Therefore, it is necessary to briefly review this 
role in a genetic system.
Algae are ubiquitous in the world. They have a multitude o f species, ranging from 
microscopic unicells to gigantic kelps, inhabit every habitable environment on earth, 
ranging from hot and cold deserts to the soil, permanent ice and snow field, and every 
kind o f  aquatic habitat (Brock and .Madigan. 1991). The algae in the waters, or 
phytoplankton, play the central role as the base o f the food chain in aquatic systems. 
They are the major primary producers o f  organic matter in natural bodies o f water by 
converting light energy into cellular organic matter, which is used for food by proto/oa. 
Crustacea, and fish. Being oxygenic phototrophs. algae are among the main sources o f 
oxvgen in natural water bodies. Thev are also "nuisance’’ organisms when growing
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excessively and causing eutrophication. Some algae produce toxins that can k ill tlsh and 
cause human disease ( Rittmann and .McCarty. 2001 ).
2.7.1 Classi fication o f  the Algae
•Algae belong to the kingdom Protocitista (Whittaker. 1959. 1969; Whittaker &  
margulis. 1978; Margulis &  schvvartz. 1982). .According to Parker (1982). there are two 
basic types o f algal cells, prokaryotic and eukaryotic. Prokaryotic cells lack membrane- 
bounded organelles which include the bacteria, the Cyanophycota (or "blue-green algae") 
and the recently proposed Prochlorophycota ( Lew in 1976, 1977). The remainder o f the 
algae are eukaryotic that have organelles. This form includes algae and all other plants 
(South and W hittick, 1987). Some researchers do not include cyanobacteria (“ blue-green 
algae") as a kind o f  algae because they are eubacteria and thus evolutionarily quite 
distinct from algae.
Subdivisions o f  the algae have long been the subject o f  debate. Harvey (1836) 
was the first to recognize four major divisions based prim arily on colors (brown, red, and 
green algae, and diatoms) and his scheme has proved to be the basis o f most modem 
classifications o f algae into divisions. .Although recent treatments recognize more than 
tour divisions, the importance o f the major photosymthetic pigments and the 
accompanying biochemical and structural similarities as a means o f segregating algae 
into divisions has prevailed (South and Whittick, 1987). Table 2.5 lists the general 
classification o f the algae and Table 2.6 shows the characteristics o f the different groups 
o f  algae. Three kinds o f  algae which are more related to the freshwater eutrophication are 
introduced in the follow ing sections.
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2.7.1.1 Cyanoplnia: Blue-Green Algae
Cyanophyta. also called cyanobacteria or blue-green algae (because o f the color 
o f their pigment) are prokaryotic organisms. This oxygenic bacterium commonly 
competes with eukaryotic algae and is properly considered together with algae when 
considering algal-associated water quality characteristics and problems. They occur in a 
variety o f  shapes, including long filaments (Rittman and McCarty. 2001 ).
Blue green algae can cause many detrimental water quality conditions. Tastes and 
odors in freshwater supplies are often associated with their presence. In addition, they 
frequently form large tloating mats on waters polluted by phosphates from domestic or 
agricultural wastes, causing unsightly conditions. .Another important property o f this 
group is the ability among many o f its members to use nitrogen gas (N;) rather than 
inorganic nitrogen in the water through nitrogen fixation to meet their needs for N' in 
biosynthesis. Thus, they can grow even in nitrogen deficient water, though slowly 
(Rittmann and McCarty, 2001 ).
2.7.1.2 Chlorophvta: Green Algae
Green algae are common in many freshwater and are among the most important 
algae in stabilization lagoons for wastewater treatment. Many are single celled, though 
some are large, such as sea lettuce. Some green algae are motile by means o f tlagella. 
The green algae commonly have one chloroplast per cell. Important genera that 
frequently predominate in the nutrient conditions o f waters are ChlorcUa. Sccncdcsnms, 
and Clilcimvdoiuoihis (Rittmann and McCarty. 2001).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.5 General classification o f the algae (source: South and Whittick. 198'
Kingdom Division Class Subclass
Protocitista Prokaryota Cyanophycota
Prochlorophycota 
Eukaryota Phodophycota Phodophyceae
Chromophycota
F.uglcnophycoia
Chlorophycola
Chrysophyceae
Prymnesiophyccae
.Xanthophycoae
[•'ustigmatophyccac
Bacillariophyccae
dmophyccae
Phaeophyceae
Raphidophyeeae
Cryptophyceae
Euglenophyceae
Chlorophyceae
Charophyeeae
prasinophyceae
Bangiophycidae
Elorideophycidae
Chrysophyeidae
Dinophycidae
Ebnophycidae
Ellobiophycidae
Syndmiophycidae
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Table 2.6 Characteristics o f  the different groups o f algae (source: Rittniann and McCarty. 
2(»()1 )
.■\igal group Common
name
Chlorophylls Storage
products
Structural
details
Distribution
Cvanophyta Blue-green a Starch Procaryotic 
no tlagclla
Marine
Freshwater
soil
Chlorophyta Cireen a. b Starch 0 to several 
flagella
Marine
Freshwater
soil
Chrçsophyta Ciolden. 
brou n 
diatoms
a. c. e Lipid 0 to 2 
flagella, 
sillica 
covering
Marine
Freshwater
soil
Fuglcnophyta Fugienoids
Motile-
green
a. b polysaccharide 1.2 . 3
tlagella.
gullet
Marine
Freshwater
Phacophyta Brown a. c carbohydrate 2 tlagella
many
celled
Marine
Pyrrophyta Dmotlagel-
lates
a. c starch 2 tlagella. 
angular 
plate with 
furrou s
Manne
I'reshuater
Rhodophyta Red a. d Starch, oils No tlagella Marine
The algal bloom principally occurring during the 2(iOl in Lake Mead belong to 
chlorophyta. The predominant species is called Pyramichluniys dissccui (Figure 2.4). It is 
single cell with four flagella. However, detailed information about the living environment 
and nutritional habitsof this species is limited.
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Sclcmtstrum capriconiuüim  also belongs to chlorophyta. The cell is semicircular, 
green color, and about 6-7 pm in length. The cell ends are pointed but with no temiinal 
spines (.\MPA. 1995). .A. picture o f 5'. capnconiuiiim  is shown in Figure 2.5. This species 
has been widely used as standard algal culture in bioassay studies o f water quality 
problems, such as, the effects o f nutrients, toxicants, complex wastes, and specific 
inorganic and organic compounds upon algal productivity (EP.-\. 1978).
Figure 2.4 Pyramichlaniys dissccta (source: Batista and Du. 2001 )
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Figure 2.5 Selenastnini capricornutum  (source:
http: WWW.khfi.ee Eesti Laborid MolGen Kodud .Anne vetikas.htm)
2.7.1.3 Chrysophyta
The diatoms are the most important among the chrysophyta. They have a two-part 
shell that fits together like a pillbox and is impregnated with silica, giving the shell 
structure. They contain a yellow-brown pigment that gives them brown color, making it 
d ifficu lt on casual observation to tell whether turbidity in natural waters containing them 
is due to algae or silt and clay. When diatoms decompose, the siliceous shell is left 
behind, forming the huge deposits o f uniformly sized, microscopic shells that mined as 
diatomaceous earth. Diatoms are present in fresh- and marine waters. They, together with 
dinotlagellates. are the major marine photosyiithetic Ibtms. serving as food for other 
creatures (Rittmann and McCarty. 2001). Many diatoms were also found living in Lake 
Mead's w ater durimt the aleae blooming season o f 2001.
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2.7.2 Chlorophylls
Chlorophylls are greenish pigments that contain a porphyrin ring, as shown in 
Figure 2.6. This is a stable ring-shaped molecule around which electrons are free to 
migrate. Because the electrons move t'reely. the ring has the potential to gain or lose 
electrons easily, and thus the potential to provide energized electrons to other molecules. 
This is the fundamental process by which chlorophyll "captures" the energy o f sunlight.
There are several kinds o f chlorophyll. The distribution o f chlorophylls a. b. c. d. 
and e among the various classes o f algae has been presented in Table 2.6. The most 
important one is chlorophyll a. This is the molecule which makes photosynthesis 
possible, by passing its energized electrons on to molecules which w ill manufacture 
sugars. .All plants, algae, and cyanobacteria that photosynthesize contain chlorophyll a 
which constitutes approximately 1 to 2% o f the dry weight o f algae. However, some 
kinds o f common algae are not green but appear brown or red because in addition to 
chlorophyll, other pigments such as carotenoids are present which mask the green color. 
Chlorophylls are located inside the chloroplast o f algal cells which have membranous 
structures. Usually, algal cells contain one or more chloroplasts. (Brock and Madigan. 
1991).
The major factors that infiuence the concentration o f chlorophyll in algal cell are 
light intensity, temperature, mineral nutrition, cell age and cell metabolism. Light 
intensity inversely controls chl-a content in vascular plants (N'icholls &  Dillon. 19~S). 
Algae cells exposed to about 3000 lux at 30 to 40 C produce the most chlorophyll during 
the first 24 hours o f incubation. The position at which maximum chlorophyll 
accumulation occurred changed as the culture aged. .Also the chlorophyll content o f
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various algae can change rapidly as the cells age and the culture medium becomes 
depleted o f mineral nutrients.
CH.
CH.
CH3
CH.
-c=o
C — OCH.
CH
Chl-a: as above 
Chl-b: II 3 =CH O  
Chid: I 2 = CHO
Chl-c, : IV' 7 = CH=CHCOOH; double bond at IV 7, S
Chl-cy IV 7 = CH-CHCOOH; double bond at IV 7. S &  II 4 = C l I CH:
Figure 2.6 .Molecular structure o f chlorophyll
2.7.2.1 Relationship o f Primary Production and Chlorophyll a
Both limnologists and oceanographers have observed linear relations between 
pritnary production and chlorophyll a concentration for data expressed on either a unit 
v olume or unit area basis, with biomass accounting for 50",, to 75",, o f the variance in 
primary production (Geider and Osborne, 1992). Table 2.7 list empirical relations 
between primary production and chlorophyll a concentration in some lakes and marine
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environment. Based on this relationship, chlorophyll concentration is widely used as a 
simple estimator o f phytoplankton biomass in lakes and is the basis for a number o f so- 
called lake classification schemes (Nicholls and Dillon, 1978).
Table 2.7 Empirical relations between primary production and chlorophyll a content in 
some lakes and marine environment (source: modified from Geider and 
Osborne, 1992).
Location Biomass-Y j Chl-a - X Slope
i
' Intercept R"
North Western Ontario 
ti.xperimental Lakes 
District (2-50 mg chl-a m ')
! gC- m - y ' g chl-a- m I 1900 ! -0-5
1 North Western Ontario 
, L.xpenmental Lakes 
' District ( 1-6 mg chl-a m ')
j g C m \ y-' ; g chl-a- n f
1!
166 0.53
1
0.76
North .American Lakes g C m '• d ' 1 g chl-a- m 22.9 : -0.0426 ! 0.81
; Southern California bight g C m d ‘ g chl-a- n f  ' 0.35 : - 0.33
California Current g C m ' I f ' : g chl-a- m ■ : 2.7 - 0.83
North Pacific Subtropical 
Gyre
g C m - h ' g chl-a- n f" 2.3
1
1
0.50
MLRL Microcosm g C m '- I f ' i g chl-a- n f" 1 3.4 (0.2) : 0.478 : 0.5]
.MLRI. Microcosm g C m '- d ' g chl-a- m " ■ 34.2 (2.4) 0.437 0.4'"
MLRL Microcosm 
(summer)
g C m - d ' g chl-a- m ' , 125 0.25 ' 0.76
MLRI. Microcosm 
(nonsummer)
g C m - d“ g chl-a- n f  ' : 53 1 0.12 0.36 ,
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2.7.2.2 Relationship Between Nutrients and Chlorophyll a
Nutrient levels, especially total phosphorus (TP), and phytoplankton biomass 
(e.xpressed by chlorophyll a concentration), have been correlated in many studies and a 
considerable number o f relationships between measured phosphorus and chlorophyll 
concentration in lakes have been reported (Table 2.8). .Although there is considerable 
variation in these relationships, they all show linear relationship between phytoplankton 
biomass in lakes and phosphorus concentration (Sakamoto, 1966; D illon and Rigler, 
1974; Miyashita and M iya/aki, 1993; Hoyer and Jones, 1983; Nicholls and D illon, 1978). 
.After examining and comparing 16 different phosphorus-chlorophyll relationships in year 
1978, Nicholls and Dillon found that although some o f the variation in the relationships is 
accounted for by variation in sampling and analytical techniques, there can be significant 
inherent variability in a single phosphorus-chlorophyll relationship, under even ideal 
sampling analytical conditions. This variability occurs because TP may not be universally 
the best measure o f available P, the cellular chlorophyll content o f  algae differs 
significantly between species and average daily radiation intensity and nutrient 
availability, especially nitrogen appear to be the major factors controlling chlorophyll 
content o f algal cells (Nicholls and D illon, 1978).
Later research has shown that chlorophyll yield is dependent on both the 
phosphorus concentration and the TN; TP ratio and nitrogen has a significant impact on 
chlorophyll concentrations (Smith, 1982; McCauley 1989; Prairie, 1989; McQueen, 
1987). .According to Smith (1982), the effects o f  N; P ratios on algal biomass are the 
results o f differences in the nutrient physiology o f different algal species. Both the 
amount o f chlorophyll and the total cell volume produced by a giv en concentration o f TP
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is sensitive to variations in the N: P ratio. Prairie also drew similar conclusion in studying 
133 lakes from the limnological literature. According to Prairie, the TN:TP ratio affects 
the slope, intercept, and correlation coefficient o f chl-a TP and chl-a TN relationships 
in lakes. He also believed that the variability in published relationships between chl-a and 
nutrient levels in lakes can be explained by differences in TN: TP ratios. However. 
McCauley et al (1989) challenged the conclusions drawn by other researchers that the 
response o f algal biomass rises linearly w ith phosphorus concentration among lakes. He 
believed that log phosphorus-log chlorophyll relationships are sigmoid in shape rather 
than linear and nitrogen has a significant impact on chl-a concentrations when 
phosphorus availability is high. Also Straskraba (1985) has suggested, from a 
physiological basis, that the phosphorus-chlorophyll relationship is sigmoid at least 
w ith in particular geographical regions.
2.7.3 Methods for Algal Growth Evaluation
The growth o f algae is usually expressed as an increment o f biomass, number o f 
cells, bound energy, or assimilation pigment content per unit time. The bioassay methods 
can thus be divided into direct methods, such as, dry weight, cell volume, cell number, 
and heat o f  combustion, and indirect methods, such as, optical density, and pigments 
(chlorophyll) (.APH.A, 1995; EP.A, 1978; Lukavsky et al, 1979). The following review is 
only concerned with methods that are most w idely used for biomass monitoring.
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Table 2.8 Chlorophyll to nutrients relationships (Source: Nicholls and Dillon. 1978; 
Smith. 1982; Prairie. 1989; Hoyer and Jones. 1983; Prepas. 1983)
' Reference Data Set 1 Equation
Sakamoto ( 1966 ) 31 Japanese lakes log[chll = 1.583 log[P| - 1.134
fu n d (1970) English lakes log!chi 1 =0.87 log[P] - 0.48
Brydges(1971) Lake Erie, station averaue [chll = 0.25[P| 2.1
McColl (1972) 7 New Zealand lakes ' [chll -0.26[P| 1.68
l-'dmondson (1972) Lake Washington, 
different vears
[chlj -O.60[P| -4.22
' Mcgard(1972)
j
Lake Minnetonka, 
different bavs
[chll =0.58[P] - 4.2
' Dillon and Rigler ( 1974) 19 Ontario lakes + Lake 
Washington  ^ others 
worldwide
log[chl| = 145 log[P| -  1.14
!
Nusch(1975) 8 German reservoirs [chll = 0.16[P| - 1.52
Oglesby et al. ( 1975) Finger Lakes. NY [chll =0.574[P[ -2.90
National Eutrophication 
Survey(1974)
U.S. lakes log[chl| = 1.18 log[P] - 0.764
Schindler ( 1976) Worldwide IBP program [chll = 0.46 log[Pl - 3.87 ;
Jackson ( 1976) Bay of Quinte, stations [chll =0.35[P1 0.04
Jones and Bachmann 
(1976) i
4 Iowa lakes (3 years) log|chl| = 1.41 log|P] -  3.24
Nicholls (1976) i 143 lakes worldwide log|chll = 1.46 log|P| - 1.09
Carlson and Shapiro 
:(1977)
Holland Marsh. Lake 
Simcoe
|chl| = 0.62 log(Pl 117
Nicholls (1977)
1 '
Kawartha Lakes. Ontario log[chl| = 1.47 log[Pl - 1.36 
[chll = 0.286[P| -1.21
Smith ( 1982) 228 north latitude lakes log[chll = 0.653 log[TP| + 0.584 
log[TNl 1.517
log[chll = 9.374 log[lP| = 0.935 
log[TNl 2.488
1 I loyer and Jones (1983)
1 j
96 US reservoir log[chl] =1.15 log[Pl 0.66
Prepas and Trew ( 1983) |
1
25 precambrian Shield 
lakes
log[chll = 1.119 log!PI -  0.676
Stockner and Shortreed ■ 
(1985)
13 coastal Bntish 
Columbia lakes
Iog[chll =0.92 loglTPl -0.90
Prairie et al. ( 1989) | 133 lakes from 
limnological literature
log(chl| = 0.874 log[ I P| 0.390 
log[chll = 1.445 log|TN|-3.131 
log[chl| = 0.517 h)g|TP| = 0.838 
logl'l-N'l 2.213
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2.7.3.1 Dry Weight
The evaluation o f dry weight is one o f  the basic methods for determining cell 
growth and is most preferred by EPA. Usually a sufficiently large volume o f sample is 
taken from thoroughly blended suspension. The sample is either filtered through 0.45- 
um-pore-diameter membrane filte r or centrifuged with a pre-weighted tube, washed and 
dried at 60 "C and then weight. The centrifuge method is more sensitive than the filtration 
method, but the fomier is open to error through loss o f cells during washing (.APH.A. 
1095; EPA, 1978).
2.7.3.2 Fluorometric Detemiination o f Chlorophyll a
Since all algae contain chlorophyll, measuring this pigment can yield some insight 
into the relative amount o f  algal biomass present. The tluorometric method for 
chlorophyll a is more sensitive than optical density method and smaller samples are 
needed (APH.A, 1995). It measures the red fiuorescence o f chlorophyll a when algae are 
illuminated with blue light (Geider and Osborne, 1992). Optimum sensitivity for 
chlorophyll a extract measurements is obtained at an excitation wavelength o f 430 nm 
and an emission wavelength o f  663 nm. Either the in vivo or the in vitro method is used 
in measuring chlorophyll; the latter is more accurate than the former, which yields about 
one-tenth as much fluorescence per unit weight as the same amount in solution (.APH.A. 
1995). Unlike the in vivo method that can only measure the relative difference in chl-a 
concentration, absolute chl-a values can be obtained using in vitro method.
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(a) in vivo method
the in vivo method has heen used to detemiine algal abundance in natural samples 
and has proven particularly useful with standard algal culture, such as. S. cupricornuiitm 
and with indigenous algae or filamentous forms not easily measured at low 
concentrations by direct microscopic, gravimetric dry weight or absorbance methods. It is 
also widely used in evaluating increases in cell biomass attributed to increased growth m 
specific test waters. This method is sensitive and quickly perfomied (EPA, 1978). It can 
be used as in sim  detemiination o f relative phytoplankton abundance, though subject to 
some uncertainty because o f variations in fiuorescence emission.
However, it should be noticed that chlorophyll to cell mass ratio may vary 
significantly with growth in natural waters having different chemical composition. .Also 
chlorophyll measurement is unsatisfactory to assess the toxic or stimulatory effects o f 
complex wastes which may absorb and fiuoresce in the same spectral region. This 
method also should not be used to predict universal relationships between chlorophyll-a 
and dry weight biomass.
(b) In vitro method
As mentioned above, absolute chl-a content can be obtained using this method by 
calibrating the lluorometer with a chlorophyll solution o f known concentration. It is more 
accurate than the in vivo method, however, it has almost the same disadvantages as the in 
vivo method.
2.7.3.3 Cell Counting
(a) Electronic particle counting
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In this method, algal cells are suspended in a 1"„ N’aCl electrolyte in a ratio o f 1,0 
ml cell suspension to 9 ml o f 0.22 pm filtered saline (10:1 dilution). The resulting 
solution is passed through a 100 pm diameter aperture. Each cell that passes through the 
aperture causes a voltage drop proportional to its displaced electrolyte volume which is 
recorded as a count. Equations have been developed that accurately relate volume to dry 
weight (APHA. 1995; EPA. 1978).
(c) Microscopic counting
Hemocytometer (counting chamber) or plankton counting cell with grids is used 
in this method. .Algae Cells in each o f large square is counted and the average cells 
number per unit volume is reported. This method is good for pure microalgal culture, but 
not for natural water algae, especially not accurate for the water sample having 
filamentous algae. This is because filamentous algae are broken up by the syringe used to 
load the sample into the counting chamber (.APH.A, 1995).
2.8 Las Vegas Wash and Lake Mead
2.8.1 Las Vegas Wash
The Las Vegas Wash is located in the Las Vegas Valley in the southern Nevada. 
It is the only major drainage channel o f treated wastewater, urban runoff and stomi water 
discharge for the entire 1.600-square-mile Las Vegas Valley. Treated wastewater 
generated trom the City o f Las Vegas, Clark County Sanitation District, and City o f 
Henderson is discharged into the Wash, which brings most part o f nutrients to the Lake. 
The average (low rate o f the Las Vegas Wash is 157 m illion gallons per day (.MGD), 
though accounting for only 1.5 percent o f  the inflow to Lake Mead, the continuously
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increasing load o f nutrients to the Wash water affects the water quality o f Lake Mead 
significantly.
2.S.2 Lake Mead
2.8.2.1 Description o f Lake Mead
Lake Mead is a large main stream Colorado River lake-resenoir in the Mohave 
Desert, .Ari/ona-Nevada. Its lower end is 15 km east o f Las Vegas, Nevada. The Lake, 
fonned after the construction o f the Hoover Dam in 1935, is the largest reservoir (3 .x 10 
ac-ft) in the United States by volume (LaBounty and Horn, 1997). In the beginning, the 
main uses o f Lake Mead were to generate electricity and to temporarily store water tor 
downstream use, especially for Calitbmia. The Las Vegas valley did not use Lake water 
until 1942, and before this time, the primary water resource for the Valley was 
groundwater. The first reported use o f Lake Mead water for the Las Vegas Valley was 
carried out in 1942 for the Basic Management Industrial (BM l) operations. In 1954, the 
water lines were extended to Las Vegas, and approximately 11,100 ac-ft was pumped 
from the lake during this year (Meier, 1969). This amount gradually increased annually, 
and was doubled by year 1963 (Meier, 1969).
The utilization and management o f  Colorado River w ater is controlled by federal, 
state, interstate and international laws and agreements. In 1928, the Boulder Canyon 
Project allocated 0.3, 2.8, and 4.4 m illion acre-feet o f water to Nevada, .Arizona and 
California respectively; w hich was later confirmed by the United States Supreme Court in 
19o4 (State o f Nevada Colorado River Commission, 1990). The water allocations to 
Nevada are based on the intake volumes and also bv the return flows via the treated
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eftlucnt discharges. The major inflow into the lake is Colorado River, which account for 
97"., o f total inflow. The remains inflows are contributed by Virgin River ( 1.4" o), Muddy 
Rivers (0 .1".,), and the Las Vegas Wash 11.5"o), respectively. The main dimensions and 
features o f  Lake .Mead are illustrated in Table 2.9.
Currently Lake Mead is designated as a National Recreation .Area by the federal 
government and is a popular destination for fishing, swimming and other water sports. In 
addition. Lake Mead also serv es as drinking water source to 1.3 m illion  people in the Las 
Vegas Valley and a discharge body for treated wastewater eflluents.
Table 2.9 Major physical features o f  Lake Mead (Source: modified from LaBounty and 
Hom, 1997; Lara and Sanders, 1970)
Parameter Value (SI units)
Volume 3 X 10 ac-ft (36.7 x 10* m ')
Surface .Area 160,000 ac (660 km")
Highest Reservoir Level 1230 ft (374 m)
Max Width 9.3 mi ( 15 km)
Max Length 66 mi ( 106 km)
Shoreline Length 550 mi (SS5 km)
.Average inflow 1 X 10 ac-ft year
Hydraulic Retention Time 3.0 years
Lake Mead has four main sub basins: Boulder, Virgin, Gregg, and Temple, which 
are separated by four canyons: Boulder, Black, Virgin, and Iceberg. Individual basins 
e.xhibit unique ecological and water quality characteristics ( LaBounty and Horn, 1997).
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Boulder Basin is the most downstream basin. It not only collects the Colorado 
River water from upstream, but also receives all drainage from the Las Vegas Valley \ia  
Las \'egas Wash into Las Vegas Bay. This drainage includes both non-point surface 
runoff and groundwater discharges, and treated wastewater from all three municipal 
wastewater treatment facilities. Therefore this basin is the most polluted and nutrient rich 
basin, and exhibits the highest level o f productivity. Figure 2.7 shows the whole view o f 
the Boulder Basin. The tbcus o f this research is on the Las Vegas Bay area o f the Boulder 
Basin.
L M 4
LM8
'i"ure 2.7 The whole view o f Boulder Basin, Lake Mead (source: adapted trom SNW.A. 
1999)
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2.S.2.2 Lake Mead Water Quality and Monitoring
2.S.2.2.1 Water Quality Monitoring
Lake Mead and the Colorado River System have been subjected to many 
investigations by various organizations since 1977. They are the Bureau o f Reclamation. 
Southern Nevada Water .Authority (SNWA). C ity o f  Las Vegas. Clark County Sanitation 
D istrict (CCSD). C ity o f Las Vegas (CLV) and C ity o f  Henderson (COH). Clark County 
Sanitation District. C ity o f Las Vegas, and C ity o f Henderson have being collecting water 
samples from the Las Vegas Wash and Lake Mead as part o f  their NPDES pemiit to 
monitor the effect o f the discharge o f effluents from the wastewater treatment plants 
( WW TP) on water quality.
Monitoring o f water quality o f the wash and Lake Mead at 31 sampling locations 
has been carried out on a weekly, biweekly, monthly, quarterly and semi annual basis 
(Interagency Lake Mead and Las Vegas Wash Monitoring Program. 1999). Chemical, 
physical and biological parameters have been measured. Detailed databases for all these 
results have been established. In addition, the profiles o f temperature, dissolved oxygen 
concentration and saturation. pH, conductivity, and turbidity at each sampling location 
are investigated by the US Bureau o f Reclamation (Lake Mead Interagency Sampling 
Manual. 1999).
u s e s .  US Department o f Interior, and UNLV have jo in tly  carried out a sediment 
study w ith in Lake Mead. Sidescan sonar imagery and high-resolution seismic-rellection 
profiles were collected in the Las \'egas Bay and Boulder Basin o f Lake Mead to 
detemiine the surflcial geology as well as the distribution and thickness o f sediment that 
has been accumulated on the Lake bottom. Lake Mead is also monitored bv the Ne\ada
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Department o f Environmental Protection (NDEP) and also by the EPA (Twichell ct al. 
1999).
2.8.2.2.2 Water Quality ot'Lake Mead
Loading o f nutrients to the Las Vegas Bay o f Lake Mead are contributed by 
discharges o f treated wastewater effluent, non-point surface runoff and groundwater 
discharges. The non-point source nutrient loading is related to the c ity ’s development, 
which causes changes in land use that require the use o f more fertilizers for go lf courses 
and residential planting.
Tables 2.10 and Table 2.11 list annual average le\ els o f  nutrients (1992-2000) o f 
the inner and outer Las Vegas Bay. respectively. There have been several changes in 
land use and wastewater treatment technologies in the Las Vegas Valley, which have 
affected the composition o f the Las Vegas Bay water. These changes w ill be discussed 
later in this section. Nonetheless, the following conclusions can be drawn regarding 
nutrient levels o f the inner and outer Bay: (a) the current TP concentration in the outer 
Bay is about 10 ppb while in the inner Bay it is 20 ppb, (b) the DOP concentrations o f the 
inner Bay are generally higher than those o f the outer Bay. but in the last years they have 
been practically the same, (c) the ammonia and nitrite concentrations o f the inner and 
outer Bay have been sim ilar in the last years, (d) recent nitrate concentrations in the inner 
Bay have been twice as large as those o f the outer Bay. (e) current total nitrogen levels in 
the inner Bay are about 4.5 ppm while in the outer Bay it is about 1.4 ppm. (f) 
chlorophyll-a levels in the outer Bay are generally 25" « lower than those o f the inner Ba\ .
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Considering the current nutrient levels, the trophic status o f Lake Mead ranges 
from eutrophic in the inner Las V'egas Bay to mesotrophic in the outer Las Vegas Bay, to 
ogliotrophic in the rest o f the Lake ( Vollenweider 197(J, Carlson 1977).
Table 2.I0Yearly average water quality data o f the inner Las Vegas Bay (Data source;
SNWA database). Sampling point LVB1.8 was chosen as the center o f the 
inner Las Vegas Bav.
\'ea r NHj-N  
mg /L
NO ,-N
mg /I.
. \0 : -N  
mg /L
TN  
mg N7L
IP
mg P/I.
DOP
mg P /I.
Aik.
inj; CaC'Ovl.
Chl-a
mg/m'
NPOC
mg/l.
1992 0.521 1.44 0.141 2.41 0.051 0.013 111.7 10.89 23.70
1993 1.289 1.62 0.225 3.20 0.102 0.034 114.6 15.23 14.59
1994 0.440 2.75 0 140 3.30 0.072 0.028 115.7 4.12 30.78
1995 0.888 1.57 0.182 2.67 0.063 0.021 114.4 3.86 18.47
1996 0.638 4.10 0.155 4.85 0.105 0.063 119 9 4 48 45 02
1997 0.743 1.44 0.181 2.49 0.065 0.015 114.0 4.63 25.17
1998 0.787 3.84 0.165 4.62 0.111 0.055 118.7 4.25 -
1999 0.084 1.97 0.074 - 0.033 0.008 115.2 - -
2000 0.080 2.00 0.068 - 0.020 0.008 121.5 - -
Table 2.11 Yearly average water quality data o f the outer Las Vegas Bay (Data source: 
SNW.A database). Sampling point LVB3.5 was chosen as the center o f the
outer Las Vegas Bay.
Year N H , N N O rN NO ,-N TN TP DOP Aik. Chl-a NPOC
mg 11. mg /L m g /L mg N /L mg P/I, mg P/I, in}> C at'Ow I. mg/m ’ mg/l.
1992 0.437 0.41 0.093 1.00 0.019 2.935 114 1 3 ^ ~  s 'o T
1993 0.183 0.79 0.074 1.08 0.018 0.006 118.7 3 35 4 70
1994 0.445 0.51 0.074 0.94 0.018 0.007 114.7 3.42 4.59
1995 0.257 0.71 0.074 1.14 0.032 0.013 121.9 3.74 5.51
1996 0.399 0.86 0.073 1.35 0.054 0.026 130.3 3.24 -
1991’ 0.310 0.92 0.146 1.23 0.032 0.017 125 9 3 23 84.52
199S 0.301 0.92 0.080 1 39 0 018 0.011 122 4 3.17 3 66
1999 0.081 0.89 0.069 - 0.011 0.005 - - -
2D0I) 0.080 0.80 0.061 - 0 011 0.007 - - -
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2.8.2.3 Limnology o f Lake Mead
The lake surface water temperatures vary from 11 C in January February to 27 
C in July August. Themial stratification develops in May and June. A well-defined 
thermocline is established between a depth o f 10 -15 m in July when the surface water 
temperature reaches 26 'C. .As the surface water temperature drops in September, the 
lake begins to mi.\. .Mi.xing continues until Januarx February when the lake's surface 
water temperature drops below 11 "C. By this time the Lake is completely destratified 
(Deacon. 1976).
The Las Vegas Wash is another important factor in infiuencing the limnology o f 
Lake Mead. Two main factors govern the movement and dispersion o f the wash within 
the in itia l mi.xing /one (Las Vegas Bay) o f the lake. One is the difference between the 
temperature o f the two water bodies, and the other is the density difference between these 
two water bodies. .Although wash water has higher temperature, which might be 
expected to fioat once it enters the inner bay area o f the lake, higher density o f the wash 
water due to the salinity actually control the movement o f  the wash to sink to the lake 
bottom (LaBounty and Hom. 1997). Table 2.12 gives the key limnological parameters o f 
different themial layer o f Lake Mead.
2.5.2.4 Phuoplankton in Lake Mead
Since year 1995. when nitrification was started in all three wastewater treatment 
plants, phytoplankton genera in the Las Vegas Bay have changed (Harbour. 2901). Some 
genera disappeared after 1995. some became less abundant, while some became more
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abundant, and some remain unchanged. Table 2.13 lists the changes o f all the 
phytoplankton genera found after 1995.
Table 2.12: Key Limnological Parameters o f Lake Mead. (Source: Modified from Dan
Szumski &  Associates. 1991; Baker et aL, 1977; LaBounty and Hom. 1997)
Thermal Layer | Depths (m) Temperature ("C) Dissolved Oxygen (mg 1)
Epilimnion ' 5-7 -April : 13-5 April : 9.6
June : 22-5 June : 10.5
1 Aug :26 Aug 9.2
1
Oct. : 25 Oct 10
Nov : 18 Nov 7
Feb : 13 Feb 9.5
Metalimnion , 7-15 -April : 13-1 1 -April : 9-3-8
June : 22-12.5 June : 10-7.5
: Aug 25-15 Aug 9-4
! Oct 24-14 Oct 8.5
Nov 17-13 Nov 7-6
i
1 Feb 13-12 Feb 8.5-8
Hypolimnion 1> 15 April : < 10 April 7.8
June : < 12 i June < 7.6
Aug < 14 -Aug 6.5
Oct < 13 Oct- : 5.9
' Nov < 13 i Nov < 7
i
Feb . < 12 i Feb < 8
Note: The reported temperature and DO profiles are for a sampling station located 
approximately halfway between Saddle Island and Black Island (Boulder Basin) 
in 1975.
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Table 2.13 Phytoplankton genera changes at Drinking Water Intake sampling station. Las 
Vegas Bay after 1995.(source: modified from Harbour. 2001 )
Peak abundance reduced ! Cliroococcii.s
F n i^ ila riu  
1 Gomphosphacna 
; Gynmodiwn 
I [.ugcrliL'iniiii 
I Merismopcdia 
■ Saidcida 
I Pennate Diatom  
j Sccnasdesniits 
__________________________I Spirolina __ _ _
Disappear after 1995 ; Acnaiitlics 
I AsterioiiLdla 
■ Coelosphacritim 
\ Glcnodinium 
1 Lrgt
j Tetrahedron 
I L ' i l k  Ellipsoid  
i  I l k  T'illaiiieiit
Peak abundance increased Aiikistrodesiiiiis
Aiikyra
Cateria
Ceratiiiiii
Dinohyron
Pliormidiiim
New genera since 1995 I S'ephrocytiiini 
; Unk Green
Peak annual abundance 
unchanged
Aplianocapsa 
Ciyptoinonas 
; Ocraiiionas 
! Oscillatoria
2.9 Clark County Wastewater Treatment Facilities and Effluent Quality
2.9.1 Nutrient Removal FIistory o f Wastewater Treatment Plants
■As mentioned above, there are three wastewater treatment plants located along the 
Las Vegas Wash, which collect and treat all the municipal wastewater generated in the 
L.as \'egas \Tdley. They are the City o f Las Vegas (CLV). the Clark County Sanitation 
District (CCSD). and the City o f Henderson (COH). which together tbmi the Clean
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Water Coalition (CWC). Figure 2.8 shows the location o f all three wastewater treatment 
plants.
lark C vu H v
Figure 2.8 Locations o f wastewater treatment plants in the Las Vegas Valley
The first treatment plant built in the Las Vegas Valley was a one- MGD Im hoff 
style plant in D31. It was replaced in 1948 by a new wastewater treatment plant 
(WW TP) w ith a 7.5 MGD treatment capacity. Before 1970. the wastewater was treated 
only by oxidation ponds and the effluent discharged directly to the Wash. There are 
currently three wastewater treatment plants located along the Las Vegas Wash, which 
treat all the municipal wastewater generated in the Las Vegas Valley. They are operated 
by the C ity o f  Las \'egas (C L \ ). the Clark County Sanitation District (CCSD). and the 
City o f  Henderson (CoH).
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The C ity o f Las Vegas (CLV) operates a water pollution control facility that treats 
wastewater from the City o f  Las Vegas and City o f North Las Vegas which has its own 
collection system. Currently, the City o f Las Vegas treats over 60 MGD o f wastewater. 
T rick ling filters are used for BOD removal and an activated sludge system is used for 
nitrification. In 1981. chemical addition to remove phosphorus was first added to the 
treatment process o f the CLV and then in 1984. CCSD also started chemical phosphorus 
removal with lime. Phosphorus was also removed in the primary c lari fiers by chemical 
addition o f metal oxides, alum until 1997 and currently ferric chloride is used. 
Construction is underway in the CLV to implement biological-P removal to treat 39",, o f 
the infiuent wastewater.
Clark County Sanitation District (CCSD) operates the valley’s largest wastewater 
fac ility  and currently treats 83 MGD o f wastewater. Carbonaceous and nitrogenous BOD 
removal, and biological phosphorus removal are accomplished by an activated sludge 
system. In 1996. CCSD introduced biological phosphorus removal and year round 
nutrient removal to its facility.
The City o f  Henderson (CoH) water reclamation Facility currently treats 20 MGD 
o f wastewater collected from the City o f Henderson. BOD removal and nitrification both 
occur in oxidation ditches and in oxidation ditches. Phosphorus is currently removed bv 
ferric chloride addition, and plant expansion is underway to introduce biological nutrient 
removal to the system.
The initial discharge permit for phosphate was set at 1 mg L starting in 1985. 
From late 1994 through the summer o f 1995. nitrification was added to the treatment 
processes o f all the wastewater treatment plants and current seasonal ammonia discharge
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
permits started since then. In March 1995. current seasonal phosphate discharge permit 
was also put into effect. This permit currently limits combined phosphorus discharges to 
334 lbs day from the treatment plants.
2.9.2 Effects o f Wastewater Effluent on Receiving Water Quality
Due to rapid growth o f the Las Vegas Valley, the wastewater flows have currently 
increased at a rate o f 4.7 MGD yearly (Harbor. 2001). The How brings more N and P 
loading to the Lake every year. Besides, due to the seasonal nutrient discharge permits, 
significant nutrient loading is being discharged from the wastewater treatment plants to 
the Lake during winter time. This largely increases the potential for abnormal algae 
blooms in the Lake. Several algae blooms has occurred in the Boulder Basin in the past 
few years, and the most serious one happened during the spring o f 2001 and spreaded 
into almost the entire lake. The bloom lasted throughout the spring and summer until the 
late December. As mentioned before, the predominant species found in the bloom is the 
green single-celled Pyramiclilainys dissecta. Although this species is not toxic and is not 
considered a human health risk, the bloom deteriorated recreational uses in the Boulder 
Basin and Lake Mead, contributed to low dissolved oxygen and could become a 
transition species to toxic forms o f  algae; cyanobacteria (blue-green algae) blooms may 
follow a green algal bloom because the cyanobacteria feed on the dead algal material.
2.9.3 NPDES (Discharge) Permit and Its Effects on Receiving Water Quality
.A National Pollutant Discharge Elimination System (NPDES) Pemiit is required 
bv Federal law tor our local treatment facilities to release treated wastewater to the Las
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Vegas Wash. Each treatment plant has its own NPDES Permit. NPDES permits are 
issued to ensure that the quality o f  waters receiving treated effluent is maintained and 
allows for the use o f the water for the intended purpose. These purposes are legally called 
"beneficial uses”  and water quality standards arc set by the Nevada State Environmental 
Commission with notices and public hearing, and approval by the EPA (Clean Water 
Coalition, 2001 ).
The permits for the CWC members contain some common general conditions and 
conditions specific to each facility. Each permit includes all the discharge limits, 
monitoring requirements, and other restrictions detemiined by NDEP and EP.A to ensure 
the plant eflluent is continuously safe to release into waters o f the United States (Clean 
Water Coalition. 2001 ).
Currently, the pem iit for N and P discharge only applies to the summer season for 
all three WWTPs in the Valley. That is, TP loading permit is effective from .April 1 to 
September 30 and the ammonia loading permit is effective from .March 1 to October 31 
every year. Table 3-3 lists the maximum TP and ammonia loading allowable discharges 
for each WWTP and total allowable loading for all these three plants combined.
There has not been an in-depth study o f the contribution o f non-point source to 
the nutrient loading o f Lake Mead. The Nevada Department o f  Environmental Protection 
assumes that the TP contribution from non-point sources to Lake Mead is 100 lbs P dav. 
However, this value may not represent the actual loading o f phosphorus from non-point 
sources. The explosive growth o f the Valley resulted in changes in land use to 
landscapes that require the use o f fertilizers, a source o f phosphoms in dry and wet 
weather runoff (lows.
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Table 2.14 Current seasonal permits For TP and ammonia loading to the Wash 
Total Phosphorus as P (lbs. P/day) Ammonia as N (lbs. NVday)
(from Apr. 01 -  Sep. 30) (from Mar.OI -  Oct. 31)
Total 334 j Total 970
CCSD i 174
1 : 
! CCSD 502
CLV 1 130 I CLV ‘ 379
COH 30 COH 89
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CHAPTER 3
EXPERIMENTAL METHODS AND M ATERIALS
The inlluence o f nutrient le\els on the algal growth potential in the LV Bay o f 
Lake Mead was e\ aluated using algal growth hioassays. Bioassays w ere peribmied using 
both the standard algae Sclcmistrum capriconnitum and phytoplankton from the LV Bay. 
The use o f nati\c phytoplankton in bioassays has been found to give a more realistic 
response and therefore is widely recommended {.Munawar et al., 1983: Davalos et al.. 
1989; Davalos-Lind, 1996). The tbllowing Ibur scenarios o f hioassays w ere imestigated 
in this research:
1. .Mgal growth potential o f current nutrient le\ els in the lA ' Bay using S. 
capnci)r)mtiini\
1. .Mgal grow th potential in the Bay o f nutrient levels higher than eurrent le\ els 
using S. capriconiiituin\
3. .-Mgal grow th potential o f current nutrient levels in L \ ' Bay using the Lake's 
phytoplankton;
4. .-Mgal grow th potential o f nutrient levels in the L \ ' Bay. higher than cuiTent 
le\ els using the Lake's plntoplankton.
58
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3.1 E.xperiment Set-up tor Bioassay Study
The bioassay c.xperiments were pertbmied using a shaker table built by attaching 
a wooden platfomi to an orbital shaker (Cole-Panner $1794 Series) (Figure 3.1). The 
wooden platfomi was covered w ith a tle.xible acrylic sheet and divided into 32 squares 
with acrylic rods. The shaker table can hold up to thirty two 599-ml Erlenmeyer Basks. 
The shaking speed for the bioassay experiments was set at 119 revolutions per minute 
(ipm). .\ top view o f the shaker table is shown in Figures 3.2. Figure 3.3 shows a photo 
o f the actual shaker table used in this research.
Five hundred-ml Kimax® Erlenmeyer Basks were used as culture vessels. To 
avoid carbon dioxide limitation, a sample to volume ratio o f 159 ml sample in 599-ml 
Bask was used. Fhis value is w ithin the ratio recommended by EP.A (EP.-\, 1978), that is, 
a maximum pemiissible sample to volume ratios in continuously shaken Basks not 
exceeding 50 Cheesecloth was used as culture closures o f the 599-ml Erlenmeyer 
Basks.
Four “ cool-white”  Buorescent lamps (GE 32-W, b 69 H/.) w ere used to illuminate 
the Basks. The illumination intensity was 4394 lux r  19"„ measured adjacent to the Bask 
at the liquid level with cheesecloth in place. Light intensity was measured everv 3 4
da\s by a VW R brand pre-calibrated light meter. Temperature was maintained at 24 j: 2 
^C and measured dailv.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
wooden frame with 
adjustable leg height
60
TT
cool-white
lights
wooden
platform
\L\ .L\
Shaker
oSo
+ .
OOocn
II
Li = light intensity
Figure 3.1 Front view o f tiic shaker tabic used in the bioassay tests
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Figure 3.2 Top view o f the wooden platfomi used in the bioassay tests
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Figure 3.3 Actual shaker table used in the bioassay experiments
3.2 Source o f Water for Bioassays and Water Sample Collection
3.2.1 Study Sites
Four sampling sites along the LV Bay were chosen as the source o f t.ake water 
tor the e.xpcriments (Figure 3.4). The Global Position System (GPS) locations lor the site 
are listed in Table 3.1. The points are located at l.S, 2.7, 3.85 and 4.95 miles within the 
LV Bay, respectively from an established reference point (Confluence o f the Las \  egas 
Wash and Lake Mead) (Figure 3.4). The nomenclature o f the sampling points 
corresponds to the new nomenclature established by local agencies imolved in sampling 
o f Lake Mead and the Las \'egas Wash.
Composite water samples (<i 2 meters) were collected from all four sites. A
composite (0-2 meters) sample was collected because 2 meters is assumed to be the
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lowest depth reached by light and therefore phytoplankton growth occurs within this 
hori/on o f the l.ake.
LVW5 LVB1.8M
LVW1
LVB2.7
LVW3 LVB3.85
LVB4.95NE0.5
Figure 3.4 Sampling sites in the Las V'egas Bay. Boulder Basin o f Lake Mead
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Table 3.1 GPS location o f the sampling sites 
Sampling Site
LVB l.SM
LV B 2 .'
LVB3.S5
LVB4.95NE0.5
GPS Position
N 36° 07' 44 
W 114° 51' 59
W 114° 51' 13
\  36° 07' 00 
W 1 14° 50' 09
N 36° 06' 40 
\V 1 14° 48' 56
Location Description
Center o f the Inner l.V Bay 
Depth 15 to 20 m
First marked buoy 
Depth 40 to 45 m
Flalfway betw een second and 
third buoys 
Depth 55 to 60 m
0.5 mile northeast o f LVB4.95 
' Depth 75 to SO m
3.2.2 Water Sample Collection, Preser\ation, and Pretreatment
Sampling was pcrfomied from the deck o f a boat used to access the sampling 
points in the LV Bay. The eomposite sampler was built in house. It is composed o f a 3- 
meter-long (5-cm-diameter) hea\ y-duty pool vacuum hose with a cast iron weight 
attached to one end and a rubber stopper on the other end. rope connecting both ends 
allow s for retrieval o f the sampler. Figure 3.5 show s the configuration o f the sampler and 
Figure 3.6 shows a sample being collected using the sampler.
To collect the composite samples, the end o f the hose containing the iron weight 
w as east into the Lake v ertically to a depth o f 2 meters. When the hose w as full o f w ater, 
the rubber stopper w as inserted tightly into the other end o f the hose to avoid w ater loss 
as the hose w as pulled up. The iron weight end o f hose was then pulled up by using the 
rope, while holding the rubber stopper end still.
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Figure 3.5 Configuration o f  the sampler used to collect composite water samples.
Figure 3.6 Lake water being collected using the water sampler
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The water collected with the hose was then transferred, by removing the stopper, 
to a 2-gallon HDEP sample cubitainer until it was fu ll. A 500-ml water sample was taken 
from the cubitainer and stored in two 250-ml sample bottles tor chemical analysis in 
laboratory. Two 250-ml polyethylene bottles and one 2-gallon HOPE sample cubitainer 
o f water w ere collected from each site. .All bottles were cleaned using Detergent-8 '''' and 
. \ I ic r o - 9 0  and rinsed thoroughly with tap water and DI water. All the samples were 
kept cool in the dark by storing in a cooler w ith ice packs.
A flydro lab®  H20 Probe was used to measure temperature and pH at each site. A 
.Magellan GPS 300 satellite navigator was used to identify the sample locations.
In order to eliminate the effect o f indigenous algae on the bioassay results, the 
water samples were aiitoclaved at 121 °C, 15 psi for 30 minutes. The autoclaved samples 
were then filtered through 0.45-pm membrane filters. The filtered samples were stored at 
4 °C in the dark. Containers used for storage were cleaned with phosphorus free 
detergent. Changes can occur in pretreated water samples during storage, regardless o f 
storage conditions, the e.xtent o f these changes is not well defined (EP.A, 1978). fhe 
water samples collected in the 250-ml bottles were frozen at 10 °C in the dark, when 
analyses o f some o f the desired parameters were not possible w ithin 24 hours.
Raw water samples were analyzed, according to Standard Methods (.APH.A, 
1995), for pH, alkalin ity, temperature, hardness, total organic carbon (TOC), total 
phosphorus (TP), total dissolved phosphoais (TDP), dissolved ortho-phosphorus (DOP), 
total Kjeldahl nitrogen (TKN), and nitrate nitrogen. Microscopic examination o f S. 
cdpriconiiinim  cells and Lake phvloplankton was also performed using a Nikon 
L.AROPHOT-2 microscope.
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3.3 .Aluae Culture
3.3.1 Standard Culture — Selenastrwn capriconiiiiwn Print/
. \  Pure S. capriconnttiim  culture was purchased in a slant from I TPX. the 
Culture Collection o f  Algae at University o f Te.xas at .Austin.
The medium used to incubate pure S. ctipriconmiwn stock culture follows the 
Standard Methods (.APH.A. 1995) and EPA protocol (EPA. 1978). Tables 3.3 and 3.4 list 
the macronutrient and micronutrient used in the stock nutrient solution, respectively. 
Separate stock solutions o f each micronutrient listed in Tahle 3.4 were prepared with 
concentrations 1000 times greater than the desired levels. Trace metals and EDT.A were 
then combined in a single micronutrient stock solution in Dl water at 1000 times the final 
concentration o f each.
A stock algal culture was prepared by aseptically transferring the ,V. 
capncornuiitm  pure culture to a 1-liter Erlenmeyer tlask containing autoclaved growth 
medium, using a fiame sterilized wire loop. The growth medium was prepared by adding 
0.4 ml o f  each macronutrient stock solution and 0.4 ml o f the combined micronutrient 
stock solution to a 1-liter tlask and diluting with DI water to 400 ml. The final medium 
pH was adjusted to 7.5 ± 0.1 with 0.1 N sodium hydroxide or hydrochloric acid as 
appropriate. The Algal growth medium was then autoclaved for 30 minutes at 120 °C and 
15 psi.
The algal culture was incubated at 24 2; 2 °C under continuous cool-white 
tluorescent lighting w ith an intensity o f 4304 lux ± 10",). M ixing was provided by a 
magnetic stirring plate and rod. The culture fiask was covered with cheesecloth. Figure
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3.8 shows the set-up o f the stock culture growth experiment. Figure 3.9 gives the front 
view o f the set-up.
Table 3.2 Macronutrient stock solution used in algal growth medium (source: .APH.A. 
1995)
Compound Concentration 
mg L
Element Resulting
Concentration
mii L
\aXO , 25.5 \ 4.20
N'a 11.0
XallCO. 15.9 C 2.14
KdlPO. 1.04 K 0.469
P 0.186
MgSOr 7H:0 14.7 S 1.91
.\IgCl: 5.7 Mg 2.90
CaCI:- 2H:0 4.41 Ca 1.20
.3 Micronutrient stock solution used in algal growth medium (source: API
1995 )
Compound Concentration Flement Resulting
pg I. Concentration
uu 1
11.BO. 186 B 32.5
.MnCl; 264 Mn 115
ZnCl: 3.27 Zn 1.5~
Co( F 0.780 Co 0.354
CuCl: 0.909 Cu 0.004
NaMoOy 211:0 "26 Mo 2.8S
FeCl. 96.0 Fe 33.0
Xa:Fn r.A 211 A) 300 . . .
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Figure 3.7 Configuration o f the stock culture incubation set-up
Figure 3.8 Actual picture o f the stock culture incubation set-up
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To keep a continuous supply o f fresh "healthy" S. capncormiiiim  cells. \veekl\ 
transfer o f the stock culture was prepared. This was done by aseptically transferring a 
small amount o f the old stock culture inoculum that has been incubated for 5-7 days to a 
newly prepared algal growth medium. The procedure used for the preparation o f the 
inoculum from the old stock culture is described below. The amount o f cells transferred 
is not critical as long as enough cells are included to o\ercome significant lag growth. 
.Algal culture cells were checked microscopically to insure that the stock culture remained 
unialgal.
lo  prepare the inoculum, the stock culture was centrifuged and the supernatant 
was discarded. Sedimented cells were resuspended in an appropriate volume ol' 1)1 water 
containing 15 mg NallCO , !.. I'he suspension was then centrifuged again. 1 he 
supernatant was discarded and sedimented algae were resuspended in the same NallCT); 
solution, fhis solution was used as the inoculum for the stock culture transfer and for the 
bioassay e.xperiments.
fhe number o f cells suspended in the prepared inoculum was counted using a 
hemocytometer in a N ikon ‘S' L.ABOPHÜ'f-2 microscope. The number o f cells was then 
used to calculate the concentration o f the inoculum. Hquation 3.1 was used to find the 
volume o f the inoculum to be pipetted into the 500-ml bioassay tlasks. containing I 50-ml 
water samples, to achieve a final S. capriconmtiim  concentration o f 2000 cells ml w ater 
sample;
2000 cells ml \  150 ml
Inoculum \ ’olume. ml  ----------------------------------------------— —— -----  13.11
Prepared inoculum concentration, cells ml
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3.3.2 Lake Phytoplankton
Natural phytoplankton o f Lake Mead was collected using a WildcoD plankton 
net, made out o f Nylon Nitex® with pore size o f SO pm (Figure 3.10). This pore size 
allows for the separation o f the phytoplankton from the zooplankton.
To collect Lake phytoplankton (Figure 3.11 ), a 125-ml flDPF bottle was attached 
to the bottom o f the net. The net was laid Hat on the water surface and pushed gently into 
the water to let water pass through it. The net was then lifted to force the water into the 
collection bottle attached to its bottom. Thus, the collection bottle contains phytoplankton 
that is less than SO um in size.
.Approximately 400 ml o f collected Lake Mead water containing lake 
phytoplankton (<80 pm) was transferred to a 1-liter Erlenmeyer tlask and 0.4 ml o f  each 
macronutrient stock solution and 0.4 ml o f the combined micronutrient stock solution 
were added to ensure sutllcient nutrient was available for algae growth. The same 
incubation conditions and set-up used for S. capriconiutiim  stock culture were used lor 
the Lake phytoplankton. The Inoculum preparation followed the procedure described tor
S. capriconnaum  stock preparation.
Because it is d iftlcu lt to count the algae cells o f the Lake's water using a Llemocvtometer. 
the amount ol inoculum added to the bioassay was not based on concentration. Instead, 
0.5 ml o f well mixed lake phytoplankton inoculum was added to each 150 ml water 
sample contained in the bioassay tlasks. To minimize the difference in the amount o f 
algae added to each tlask in different tests, the same incubation period (5 days) was kept 
for lake phxtoplankton stock culture and the same \olume o f NallCO; suspension 
solution was used w hen preparing the inoculum.
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3.4 Experimental .Matrix
Table 3.4 shows a matrix Tor the hioassays performed at different nutrient le\els 
in this research. .A total o f 15 tests were conducted using different nutrient levels and 
either S caprkornuiiim  or lake phytoplankton as the inoculum. It took in every two 
weeks to perform a bioassay test. Thus, the total period was about eight months.
Tabic 3.4 .Matrix for the bioassay experiments performed in thi^research.
Inoculum S. capricornutuni Lake 
Control .Nutrients   phytoplankton
Current nutrient I.VB 1.8
levels at e a c h --------------
sampling site I.VB2.7
T 1.8 -  SC• h Point disappeared '
' T 2.7 -  SC \ . l  IP"
1.VB3.85 T 3.85 -  SC T3.85 - I .P
I.VB4.95NE0.5 , T 4.95 -  SC
Potential future 
nutrient levels 
at l.V B  2.7 
(original water 
from 1.VB2.7)
2 ppm N 
2U)2 ppm P 
2 ppm N 
0.05 ppm P
SC
r E2 -  sc
5 ppm N 
0.02 ppm P
T E3 -  SC
5 ppm \  
0.02 ppm P
T  F4 -  SC
T4.95 - I.P
t f T 'T p 
T l  2 U '
1 F3 - I.P
F4 -  I.P
This point disappeared with the lowing o f the Lake's level. 
SC ^ Sclcnaslruni capricormuiini 
A LP “  Lake phytoplankton
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Figure 3.9 The VVildco® plankton net (<80 j.im) used to collect Take phytoplankton.
Figure 3.10 Collecting natural phvtoplankton from Lake Mead
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3.5 Experimental Procedure
3.5.1 Determination o f Algal Growth Potential o f Current Nutrient Levels in the lA '
Bay using S. capriconnitum.
In these tests, the algal growth potential o f the current nutrient level in the I.\ 
Bay was evaluated. Water samples taken from all four points in the Bay (Figure 3.1 ) were 
used as the grow th medium for S. capriconiutiim. Water samples were pretreated as per 
procedure described in section 3.2.2.
The hioassays were carried out in 500-ml Erlenmeyer Ilasks containing 150 ml o f 
the pretreated Lake water samples. At this sample to volume ratio and continuously 
shaking at 110 rpm, the pH can be kept below 8.5 to ensure availability o f CO;. Figure 
3.11 illustrate the set-up for the bioassay tests. The test included a control bioassay, to 
which no additional phosphorus and nitrogen were added, and hioassays to which l.o 
ppm nitrogen (added as NaNOO and 0.05 ppm phosphorus (added as K ;HPO ;l were 
added either individually or in combination. Each bioassay series included four 
replicates. Each flask was inoculated with a 5-day-old S. capriconnitum  stock culture 
grown according to Standard Methods (.APHA, 1995) and EP.A protocol (1978). The 
inoculum size was 2000 cells/ml o f water sample. Cells were counted with a 
Hemocytometer. A ll tlasks were incubated for 10 to 14 days at 24 ± 2 ’ C under 
continuous cool-white fluorescent lighting o f 4303 z 10"» lux, and were shaken 
continuously at 110 rpm.
.Algal biomass changes o f the w ater samples in each tlask were measured daily as 
chlorophyll fluorescence using a Sequoia-Tumer^'' Model 450 tluorometer. Dailv
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specific growlh rates (u) o f each tlask was computed according to a first order kinetic 
equation (Equation 3.2);
In (CE: CE, )
p. day ' = ---------------------------- (3.2)
t :  - t i
where;
CF; = chlorophyll tluorescence in day t;.
CFj = chlorophyll tluorescence in day t,.
t; -  t| ^ elapsed time, days
The maximum biomass content (CF„,.,\) for each nutrient addition series (a set o f 
four replicate tlasks) was obtained by averaging the greatest chlorophyll tluorescence 
data during the incubation period for all four replicates, fhe maximum specific growth 
rate ( )  for each nutrient addition series was obtained by averaging the greatest 
specific growth rate during the incubation period for all four replicates. The effects o f the 
various nutrient additions, as compared with controls, on the growth o f .8 ccipriconntiimi 
and the l.ake phytoplankton in water taken from various points in the TV Bay are 
expressed as the maximum specific growth rate (u„,,,j and the maximum biomass content 
(Cl'„,.,\) over the incubation period. In addition. Daily average chlorophyll tluorescence 
for each set o f replicate tlasks was calculated and algal growth trends o f different nutrient 
addition series were plotted. Temperature was measured daily and light intensity was 
measured 3-4 times during incubation period to insure algae grew under the desired 
control conditions. Initial and final NO;-N and DOP were measured to evaluate nutrient 
uptake trends.
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The statistical signitlcance o f the results o f the algal growth tests was evaluated 
using one-way analysis o f variance (ANO VA) w ith a F distribution. A 95" » confidence 
interval was used in the hypotheses testing (Ho = the mean responses from all groups, 
control and different nutrient dosages, are equal; H, ^ at least one group presents mean 
response different from the other groups). Tukey's pair-wise comparison o f the mean 
responses from all nutrient levels and the control was performed. The results o f  the 
statistical analysis are displayed in .Appendi.x C and E.
1 ppm 
N03-N
0 05 ppm 
P04-P
Ippm  N03-N + 
0 05 ppm P04-P
control 1.0 N 
(background 
N & P levels)
0.05 P 1.0 N + 0.05 P
(4 replicates) (4 replicates; (4 replicates) (4 replicates)
Figure 3.11 Nutrient additions to a series o f flasks used in the bioassav tests
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3.5.2 Determination o f .Algal Growth Potential o f  Nutrient l.evefs Higher Than Current 
Levels at the Bay. Using S. capnconnitiim
Higher nutrient concentrations to be used in the tests were chosen aleatory. 
Because the mechanisms o f phosphorus and nitrogen release and uptake w ithin the l . \ ' 
Bay have not been evaluated to date, the future potential concentrations o f N and P in the 
Lake cannot be accurately estimated. The N and P concentrations tested in this research 
have been chosen aleatory. However, a detailed discussion o f the factors that may result 
in the increase or decrease o f N and P concentrations is presented in chapter 4. A 
synthetic growth medium was prepared to serve as control series, by adding nitrogen (as 
NaN03) and phosphorus (as K2HP04) to the current prctreated water samples taken 
from LV'B 2.7 site according to the recipe shown in Table 3.4. .Algal growth potential for 
increased nutrient level in the Las Vegas Bay was tested using S. capriconnitum as 
inoculum. The test procedure and results expressions used are the same as those 
described in section 3.5.1.
3.5.3 Determination o f .Algal Growth Potential o f Current Nutrient Lev els in the l. \  
Bay Using Lake Phytoplankton
The experimental procedure used to test the algal growth potential o f  the current 
nutrient levels using natural Lake phytoplankton, is the same employed when using .S. 
capriconntliun (section 3.5.1). The exception is that a mixed culture, the Lake 
phytoplankton (cells <80 pm), was used as inoculum.
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3.5.4 Dotomiinalion o f Algal Growth Potential o f Higher Nutrient Levels in the LA' Bay 
Using Lake Phytoplankton
The hioassay procedure used here is the same as that described in section 3.5.2 
except that a mixed culture, the Lake phytoplankton (cells - 89 pm) was used as the 
inoculum.
3.6 Analytical Methods
3.6.1 Phosphorus Species Detemiination
.Analysis o f Total phosphorus (TP), total dissolved phosphorus (TDP) and 
dissolved ortho-phosphorus (DOP) were required in this research.
.All the glassware used in P analysis was reserved and soaked in Detergent-8' ' '  
followed by soaking in M ic ro -9 0 fo r  at least 24 hours. .After soaking, the glassware was 
rinsed thoroughly with tap and DI water and dried in an oven at 105 ^C. .Acid washing 
was pertbmied occasionally by rinsing all glassware with vvami 10"» LICl alter soaking 
and rinsing thoroughly with tap water and DI water.
TP and TDP analysis both requires digestion o f the raw w ater samples to conv ert 
all lb mis o f phosphorus contained in the samples to DOP. Besides. TDP analysis also 
required samples to be filtered through 0.45 pm membrane filter before digestion. The 
filtrate was div ided into two parts. One part was for TDP analysis and the other part for 
DOP analysis. In this research, the Persulfate digestion method was chosen to digest the 
raw water samples and filtered samples. .An autoclave was used, instead o f a heating 
plate, to achieve better digestion. .All the reagents and digesting procedure follows the 
Standard Methods (.APH.A. 1995).
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['he ascorbic acid method was chosen from Standard Methods I API (A. 1995) for 
analysis o f  DOP. digested TP and TDP samples, since this method is more accurate for 
low phosphorus concentration analysis. A  Spectronic® Model 20D spectrophotometer, 
with infrared phototube for use at 880 nm and a light path o f 2.5 cm was used in the 
phosphorus analysis. Twenty five ml o f sample were used in the analysis. The diameter 
o f the sample vials used was one inch, providing a light path o f 2.5 cm.
.\ series o f five standards, within the phosphate concentration range o f 0.01 - ().25 
ppm P. with light path 2.5 cm. were used as calibration for phosphorus analysis. DI water 
was used as blank.
Calibration curves were built by Plotting absorbance vs. standard phosphate 
concentration to give a straight line passing through the origin. .\n e.xample calibration 
curv e is shown in Figure 3.13. .-\ 0.997 or better R" was deemed satisfactory.
0.350 
0.300 
g 0.250 
2 0.200 
o 0.150 
§ 0.100 
0.050 
0.000
y = 0.0013x + 0.0032 
= 0.9999
0 50 100 150 200
DOP, ppb P
250 300
Figure 3.12 E.xample calibration curv e tor DOP
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3.6.2 Nitrogen Species Determination
3.6.2.1 .Ammonium Nitrogen (NHL - N)
The Phenate method was used in this research to analyze Ammonium Nitrogen 
according to Standard Methods (APHA. 1995). A series o f five standards, in a range 
appropriate for the concentrations o f the samples, were used for calibration. A 
Spectronic® Model 20D spectrophotometer, with wavelength at 640 nm and a light path 
o f I cm was used in the analysis. An e.xample calibration curve is shown in Figure 3.14. 
R" o f 0.995 was chosen as the acceptable lim it for the calibration curv e.
1.500
1.200
(0 0.900
y=0 0028x + 0.008 
= 0.997
°  0.600 
<
0.300
0.000
0 100 200 300 400 500 600
ammonium nitrogen, ppb N
Figure 3.13 Example calibration curv e for ammonium nitrogen
3.6.2.2 Total Kjeldahl Nitrogen (TKN)
Total Kjeldahl Nitrogen (TKN) is the sum o f organic nitrogen and ammonia 
nitrogen. In this research, the .Macro-KJeldahl method (H.ACH) was used for TKN 
analysis. A H.ACH Digesdahl® digestion apparatus was used for digestion o f the w ater
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samples lo convert all fomis o f nitrogen contained in the samples to ammonium nitrogen. 
The digestion procedure follows H.ACH Digesdahl® digestion apparatus instruction 
manual (1999). Thirty five ml o f sample were used for digestion. .After digestion, the 
same method used for ammonium nitrogen analysis (phenate method) was used for the 
digested T K N  samples.
3 6.2.3 Nitrate Nitrogen (NO; N)
Nitrate Nitrogen (NO; N) was measured using a Dione.v® DX-120 Ion 
Chromatograph with a Dionex® lonPac .AS 14 4mm analytical column and lonPac .AG-14 
4mm guard column, and a Dionex® .AS46 automated sampler. The 1C operated at a llou 
rate 1 ml m in and around 1200-1400 psi.
A solution o f carbonate and bicarbonate was used as the eluent for nitrate nitrogen 
analysis. I wo eluent concentrations were used; 2.2 niM Na:COi 1.0 m .\l NallCO and
0.5 g L Na^CO; 0.05 g L NaHCO;. The eluent was prepared with degassed DI water.
Five different concentrations o f standard solutions were used tor NO:-N 
calibration. .After the calibration procedure was complete. R" (from linear least square 
analysis) o f  0.9990 or greater was achiev ed. OC check with calibration standards were 
added after every 24 samples. An example calibration curv e for nitrate nitrogen is show n 
in Figure 3.15.
Due to the high levels o f chloride ions (100 mg L) and su Hate ions (2oii-30(i 
mg I.) in the Lake water samples, which could contaminate the 1C column, all water 
samples analyzed were diluted according to the range o f the calibration curv e. Samples 
were filtered throimh 0.45 um membrane filters.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
200000
y = 183 84x - 1789 
R ' = 0.9999160000 •
120000  :
< 80000 •
40000
2000 400 600 800 10001 1200
nitrate nitrogen, ppb N
Figure 3.14 Example calibration cur\ c for nitrate nitrogen
3.0.3 Chlorophyll Determination
Fliiorometric determination o f Chlorophyll a in vivo method was used in this 
research. .A Sequoia-Turner'''' Model 450 tluorometer with .Application set lor 
chlorophyll: filter NB 430 &  SC 065 was used for Chlorophyll tluorescence analysis. The 
diameter o f the test cuvettes was 12 mm.
The tluorometer was turned on 15 minutes before analysis to w ann up. For results 
comparison, the G.AIN was set at 5 tor all sample chloroplull tluorescence readings. The 
cuv ette with DI blank was put into cuvette holder o f the tluorometer. SP.A\ w as turned 
fu lly  clockw ise and ZERO knob was adjusted until "OOO" w as show n on the display. The 
samples w ere homogenized by swirling the tlasks, and 5 ml o f samples w as pipetted into 
the test cuvette. The cuvettes were then put one by one into the cuv ette holder o f the 
tluorometer and chlorophyll tluorescence reading o f samples was obtained.
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3.().4 Total Organic Carbon
A S IIIM A D Z C ’ ''’ TOC-5()0()A Total Organic Carbon anai>/cr uas used for TOC 
analysis. Calibration was pcrtbmied using standards containing 0.5. 5. lo. and 20 mg L 
o f carbon. The low sensitivity-high range catalyst was used and ultra-pure hydrocarbon 
free air was the carrier and spurge gas.
3.6.5 Other Parameters
Total alkalinity was measured using the titration method (.APH.A. 1095). pU was 
measured using a calibrated .-\CCCMET® .AR 10 pTl meter. Total hardness o f the water 
samples was measured using a ll.ACH"^^' kit - EDT.A Titrimetric Method (.APH.A. 1995).
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Considerations o f  Ways to Decrease the Nutrient Loading to the Las Vegas Bay 
o f Lake Mead
Nitrogen and phosphorus loading to the LV Bay are contributed by both 
discharges o f treated wastewater effluent and nutrients from non-point sources. Factors 
that would promote increased nutrient discharge to the Las Vegas Wash and thus to the 
LV Bay include: (a) Increase discharge o f treated wastewater effluent (lows coupled with 
increase o f the permitted allowable nutrient loading to the Bay; (b) Increase o f non-point 
source pollution loading due to larger volumes o f  dry and wet weather runoff flows. Both 
factors are a consequence o f  the rapid development o f the Las Vegas \'alley, and unless 
more efficient nutrient removal technologies are used, or less population growth is 
experienced, increased sew age Hows from the \ alley are like ly  to correspond to greater 
loading o f nutrients to the Las Vegas Bay and Lake Mead.
The recent algal bloom in the LV Bay has clearly pointed out that N and P levels 
o f the Bay w ater are high due to high nutrient loading receix ed \ ia the Las Vegas Wash. 
To control eutrophication o f  the L \ ' Bay. decision makers and regulatory agencies have 
to consider factors that may promote decrease o f the N and P loading to the Bay. to
S3
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maintain future nutrient concentrations in the L \  Bay within a non-blooming range.
Factors that would contribute to the decrease o f the nutrient loading to the Bay include:
1. Establishment o f  whole-year nutrient discharge permits instead o f the seasonal 
permits, for all three local WWTPs;
2. Upgrade o f all local WWTPs to tertiary treatment level for nutrient removal;
3. Improvement and optimization o f the P removal efficiency o f all WWTPs;
4. Introduction o f dénitrification to all WWTPs to transform most o f the nitrate 
nitrogen to nitrogen gas;
5. M inimization o f fertilizer use by encouraging residential landscape types that 
are less fertilizer dependent;
6. Minimization o f fertilizer uses in go lf courses. This may be feasible bv 
accounting for the fertilizer content o f effluent wastewater currently used for 
irrigation o f g o lf courses throughout the Valley. Recycle water contains 
significant amounts o f N and P. It is expected that go lf course managers could 
decrease the application rate o f fertilizers when recycle water is used for 
irrigation;
7. Establishment o f  effective control measures for abatement o f non-point source 
nutrient loading. This may include locating N and P treatment units (e.g. beds 
o f metal oxides) in runoff streams containing high N and P levels.
4.1.1 Whole 't'ear Discharge Permits
Figures 4.1a to 4.1c show the seasonal TP loading o f C ity o f  Las Vegas (CL.\ ).
Clark County Sanitation District (CCSD). and City o f Henderson (CoH) plants.
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respectively, from year 1995 lo 2000 (Co! ( from 1997 to 2000). Notice that although the 
I P loading o f the summer season are kept, by all three \V\VTPs. below that o f the permit 
each year, the winter loading o f  the C LV  and CoH are both much greater than the 
summer discharge permits and have increased year by year. In 1998. the winter TP 
discharge o f the CT.V was two times (200 lbs, day) that o f the summer. In 1999 and 2000 
the winter discharge triplicates (300 lbs/day) as compared to that in summer.
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The CoH reuses most o f  its summer Hows. The winter loading, however, was six times 
that o f the summer permit. The CCSD, until 1997, had winter TP discharge loading over
1.5 times greater than that o f the summer permit. .A.fter 1997, when bio-P removal was 
successfully introduced to the treatment process, the winter discharge loading decreased 
to below summer pemiit. The winter loading is now almost the same as the summer 
loading and both low er than the pennit. How ever, from the seasonal TP loading o f the 
total three plants (Figure 4 .Id), the total winter TP loading to the Wash was about double 
that o f  the permit, and approximately three times that o f the summer loading, since 1998. 
It is important to notice that, during the same period, the (low rate o f wastewater treated 
by the three plants (Figure 4.2) increased about 35"o from 115 to 155 .MOD.
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Figure 4.2 The monthly et'tluem How rate o f the three WWTPs ( 1995-2061 )
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Figures 4.1a to 4 .Id also show that although during the summer time, the 
phosphorus discharge to the Lake by the WWTP’s is less, a significant amount o f 
phosphorus is discharged into the Lake during the winter season. This high amount o f 
phosphorus may not cause algae blooms instantly due to the lower temperatures or light 
intensities during the winter, however, the discharged phosphorus may be stored in the 
lake as different lb mis in sediments and return to the water column as available P under 
suitable conditions. In addition, as the weather warms up, the water temperature is still 
fa irly high even in November and December, but the pem iit is only effective between 
March and September. Under such wami winter weather conditions with high nutrient 
loading to the Lake, there is a high chance for algal blooms to occur. The year 2001 algal 
bloom is a good example. It started mid-February and is still ongoing (December 2001 ). 
Therefore, whole-year discharge lim its should be considered for Lake Mead. Algal 
blooms in the Bay or even in the entire Lake have occurred almost every recent year 
(1996, 1997, 1998, and 2001 )( LVRJ, 2001).
Establishing a more restrictive nutrient loading permit for Lake Mead is necessary 
as algal blooms in the Lake are becoming increasingly more serious. Decision makers 
should consider applying a whole year nutrient loading permits instead o f the current 
seasonal one. This may be the fastest way to significantly lower the phosphorus loading 
to the Lake.
Besides TP, another type o f nutrient discharge being regulated is ammonia. 
O riginally, ammonia loading pemiits were not set to pre\ ent algal blooms, but to protect 
the fish in the Lake. How ever, ammonia is a favorable nitrogen fomi taken up by algae. 
The seasonal ammonia loading o f the three WWTPs between 1995 and 2000 (CoH trom
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1997 to 2000) arc shown in Figures 4.3a to 4.3c. The total seasonal ammonia loading o f 
the three VV’WTPs from 1995 to 2000 is given in Figure 4.3d. .As shown from the figures, 
summer season ammonia discharge has been below the permit since 1996 and the 
discharge levels slowly decreased with the introduction o f nitrification in all plants in 
1995. CCSD has kept the winter loading lower than the summer loading permit since 
1995, when nitrification was introduced to the treatment train. Until 1998, the winter 
ammonia levels o f the CLV plant were above the current permit, but after 1998 the winter 
loading decreased to almost the permit level. The CoH plant has also kept the winter 
ammonia loading below the pemiit since 1998. Flowever, the ammonia loading has 
steadily increased since 1998. The planned e.xpansion o f the COH plant to introduce 
biological nutrient removal w ill result in a decrease in the current ammonia loading. The 
summer and winter ammonia loading to the Lake (Figure 4.3d) are both lower than the 
current seasonal pemiit and they both have trended to decrease. Based on the above 
analysis, it seems that the current ammonia loading is still effective in keeping the Lake's 
ammonia levels low.
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4.1.2 I'pgrade o f  .Ml Local WWTPs to Tertiary freatment
Tertiar\ treatment level inelitdes the presence o f nutrient remo\al and tiltra tion  
units to the wastewater treatment train. Filtration can remove smaller particulates from 
the wastewater e ft!tient. These particulates may contain phosphorus, independent o f  the
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type o f phosphorus removal system (biological or chemical) used. I'he difference 
between TP and DOP is the total suspended P (other forms o f the dissolved phosphorus 
can be negligible in the effluent). This portion o f P is usually contained in the solids o f  
the effluent, for plants removing phosphorus chemically and biologically. The greater the 
TP to DOP ratios, the higher the P-containing solids in the effluent. Although this 
portion o f P cannot be instantly used by the algae in the Lake, it can be stored in the 
sediments and may be released to the water column later under suitable conditions. 
Therefore, the addition o f filtration units to treatment trains to remove solids, in all the 
local WWTPs, would have a positive effects on the removal o f P from the wastewater 
effluent.
Table 4.1 shows the average summer and winter TP to DOP ratios for the effluent 
from the three local WWTPs between 1995 and 2000 (CoH data is from 1997 to 2000), 
and the average summer and winter TP to DOP ratios o f all three plants between 1995 
and 2000. The table was built by using the monthly flows and TP and DOP 
concentrations for all three WWTPs. As seen from Table 4.1. the TP to DOP ratios for 
the CCSD and the CLV plants are higher for the summer than for the winter. This is the 
result o f  the lack o f requirement for P remov al during the winter months. During the 
summer relatively more DOP is removed resulting in a larger ratio for this period. For 
the CoH plant, the ratios are almost the same throughout the year, since P is not removed 
in this plant. The TP to DOP ratios for all three plants is larger than one. demonstrating 
that some phosphorus exists in particulate Ibmis. Therefore, introduction o f improv ed 
nitration to all WWTP's, year round, would significantly decrease the amount o f 
particulate phosphorus discharged to Lake Mead.
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Table 4.1 .Average TP to DOP ratios o f the effluent from the three WWTPs and total
ratios (average taken between 1997 and 2000)
VWVTPs Summer ratios W inter ratios
CLV 
CCSD 
CoH 
Total ratio
1. 36
1.69
1.16
.50
1.24 
1.58 
1.09 
1.27
4.1.3 Improvement o f  the TP Removal Efficiency o f  the WWTPs
Technically, a combination o f biological P removal and enhanced filtration with 
either coagulant addition, or membrane technology could allow the Valley’s treatment 
plants to reach lower effluent phosphorus concentrations. Table 4.2 shows estimated 
phosphorus loading to Lake Mead from the wastewater treatment plants for the year 
2020. tor which the total influent flow rate is predicted to be 256 MGD. This estimate 
assumes that no wastewater is reused for irrigation or any other purposes in the Valley. 
Obviously. I f  P removal efficiency in the plants remain the same as it is now, the amount 
o f  phosphorus discharged to Lake Mead would be significantly higher that the loading 
allowable by the current permit and the concentrations o f P and N in the LV Bay would 
increase. I f  TP removal efficiency o f the plants was increased to produce an effluent o f 
0.2 mg L. the TP loading would be about 42^ lbs. day. a value greater than the current 
permit (334 lbs. day). To meet the loading o f 334 lbs day in 2020, the effluent TP 
concentration o f  the plants would have to be below 0.15 mg L. This is technologically
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possible. However, an in depth economical and technical feasibility study is needed to 
fairly evaluate such a proposal.
Table 4.2 Estimated P loading to Lake Mead for varying effluent phosphorus 
concentrations for year 2020 (flovvrate estimated to be 256 .MGD).
Effluent 
TP concentration, mg/E
Estimated TP loading in year 
2020, lbs/day
0.5 1067.5
0.45 960f8
0.40 854.0
0.35 747.3
0.30 640.5
0.25 53T8
0.20 427.0
Current Permit 334.0
0.15 320.3
0.10 213.5
4.1.4 Introduction o f Dénitrification Process to the WWTPs
Both nitrogen and phosphorus are needed for algal growth, and nitrate is the 
second most preferred nitrogen form for algae uptake (the most preferred nitrogen fomi is 
ammonia nitrogen). Because more nitrogen is required for algal growth compared to 
phosphorus, decreasing the nitrate concentration in the Lake could affect the nutrient 
limitation pattern o f the Lake. In addition, since Lake Mead is also the drinking w ater 
source for the \ ’alley. high nitrate level in the Lake water arc undesirable and mav in the 
long tenu make drinking water treatment costly. Currently, the drinking water pcm iit lor
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nitrate level is 10 mg [. as N. and the current nitrate level in the Lake is much lower (the 
highest nitrate level in the Bay is about 4 mg L as N and nitrate values at drinking w ater 
intake point is much lower, about 0.5 - 1.0 mg L as N).
4.1.5 Non-point Source Nutrient Discharge Control
Besides the nutrient loading from the WWTPs, which is considered a point source 
discharge, non-point source nutrient discharge are another important nutrient source for 
the Lake. .As mentioned earlier, there have not been systematic studies performed to 
estimate the total nutrient loading to Lake Mead from non-point sources. The non-point 
source data available to date, consists basically o f monitoring data from Municipal Storm 
Water Discharge Permit (Montgomery Watson Harza. 2001). The TP loading from non­
point sources that is currently used by the state regulatory agency is 100 lbs. day. 
However, because o f  the rapid growth o f the Valley in the past 30 years, the nutrient 
loading from both point source and non-point source has changed considerably. Thus, a 
new model, based on current data o f nutrient loading to the Lake, especially to the Las 
Vegas Bay. from all sources, is needed to better estimate the current non-point source 
nutrient loading.
In this research, an attempt was be made to estimate the contribution o f non-pomt 
source nutrient loading to the LV Bay by using the loading o f the three WWTPs and the 
nutrient loading measured in the Las Vegas Wash at LVW5. Sampling point LVW5 was 
chosen because this point is located downstream o f the discharge points o f the three 
WWTPs. Therefore, the loading from point and non-point sources are both included in 
this sampling point. The point source N and P loading was calculated using the monthly
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average nutrient loading o f the three WWTPs. Flow data and measured N' and P 
concentration data o f LVW’5 were compiled and the N and P loading at this point were 
assumed to be the total nutrient loading. While, flows and N and P concentration data for 
the WWTPs are daily measurements, N and P concentrations at LVW5 are biweekly. In 
addition, no N' and P data is available for storm days. Table 4.3 shows the non-point 
source TP loading calculated based on the difference between the total loading from the 
three WWTPs (point source loading) and total loading at L \'W 5 (total loading) from 
1995 to 2009. In the calculations shown in Table 4.3. the loading was calculated by 
multiplying the available P concentrations with the flows tor the same day the samples 
were collected. The average loading was then estimated by averaging the loading.
Table 4.3 The non-point source TP loading calculated based on the total loading from the 
three WWTPs and total loading at LVW'5 from 1997 to 2000.
Year Total loading Point source loading Non-point source loading
Ibs./day Ibs./day lbs../day
1995 ! 312
i
295 17
1996 347 360 -13
1997 : 920 343 577
1998 388 347 41
1999 1 664 396 208
2000 397 389 S
.As seen trom the Table 4.3. the estimated non-point source nutrient loading vaned 
considerably trom year to year. In years 1997 and 1999. the estimated non-point source 
loading was five and three fold higher than the current 100 lbs. per day. respectively. In
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other years the non-point source contribution was tbund to be lower than 100 lbs'day as 
P. In 1996, the estimated contribution o f non-point source was negative. The extreme 
variability o f  the estimated values points to the weakness o f the data available on non­
point sources o f nutrients in the Las Vegas Valley. For example, nutrient data is seldom 
collected in the Las Vegas Wash during storm events, during which much higher nutrient 
loading may be expected due to sediments and urban runoff Hushing to the Wash and 
Lake Mead. Thus, the LVW 5 sampling data used to estimate the non-point source 
contribution to Lake Mead does not fully represent the total loading o f nutrients to the 
Lake. Nonetheless, these preliminary estimates, which use a set o f data that does not 
contain phosphorus contributions from stonn events, seems to indicate that the actual 
non-point TP loading may sometimes be much higher than 100 lbs day. The effects o f 
the non-point source nutrient loading to Lake Mead may also be significant, especially 
during storm events. However, better estimation o f the non-point source nutrient loading 
to Lake Mead are needed to aid decision and policy making.
4.2 Physical and Chemical Properties o f the Las Vegas Bay water
The Bay water used for the bioassay tests was taken from the four sampling points 
along the LV Bay during late March and September 2001. The physical and chemical 
properties o f the water were analyzed and are presented in Table 4.4.
.As shown in Table 4.4. during the spring and summer seasons o f 2001. the Bay 
water was warm, hard (average hardness o f 342 mg CaCO-. L), with pH values greater 
than S.O and average alkalinity o f 130.0 mg CaCO; L. By comparing the current nutrient 
data (Table 4.1 ) with those o f the past six years for the same time period (.Appendix .A), it
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can be seen that the TP concentrations o f  each sampling point in year 2001 and all other 
blooming years ( 1996. 1997. and 1998) are higher than those o f the non-blooming years 
( 1995. 1999. and 2000). The nitrate concentrations o f  the sampling points decrease, as 
one moves towards the Lake, from 4.4 to 0.6 mg. L. The current ammonia levels o f the 
Lake are very low due to the introduction o f nitrification to the treatment train by the 
three WWTPs. In the outer LV Bay. ammonia levels have decreased below detectable 
lim its in the last seven years.
The DOP concentrations o f the sampling points vary from 1.6 to 10.6 ppb. while 
the TP concentrations vary from 18 to 90 ppb. The low DOP value o f all sampling points 
and the higher TP values associated with each o f  this point is the result o f the fast uptake 
o f dissolved P by the Lake’s phytoplankton. Thus, the DOP levels measured in the Lake, 
are the residual dissolved ortho-P level, and the lower concentration indicates that most 
o f the available phosphorus has been consumed by the phyloplankton.
From Table 4.4. it is d ifficu lt to evaluate the spatial distribution o f nutrient levels 
in the Lake as the sampling points move towards the Lake. The reason for that is the 
sample o f each point was not taken in the same day. and not even in the same month. 
However, when a larger database on the nutrient levels in the Lake is used, a clear 
decrease in nutrient concentrations, both phosphorus and nitrogen, can be seen as one 
moves towards the Lake (.Appendi.x .A).
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4.3 .Algal Growth Potential (AGP) o f Current Nutrient Levels in the L V  Ba\
.Algal growth potential and nutrient limitation was evaluated by measuring 
ma.ximum specific growth rates and total biomass content for different nutrient 
additions, using both S. capnconm iiim  and Lake Phvtophankton. Table 4.5 shows the 
N:P ratios and the ma.ximum specific growth rates for the bioassay tests. The tested N;P 
ratios decrease as one moves further into the Lake. The decrease is m ainly caused by a 
decrease in nitrate concentration, whereas, the DOP level in the water does not change 
significantly. For all the bioassay tests, when 0.05 ppm P was added to the water, 
whether singly or in combination, the N: P ratios decreased significantly compared to 
the ratios o f the control water and N addition only.
4.3.1 .Algal Growth Potential o f Current Nutrient Levels in the LV Bay I'sing S.
cupriconmiuni
The specific growth rates for S. capriconiutum  for various nutrient additions and 
different locations in the Las Vegas Bay are shown in Figures 4.4a to 4.7a. The daily 
specific growth rates o f each nutrient addition series were calculated and are shown in 
.Appendix B. It is important to mention that the maximum specific growth rate m these 
tests occurred w ithin the first three incubation days (.Appendix B). The statistical 
analysis o f the maximum growth rates (.Appendix C) shows, at a confidence interval 
greater than 95"». that the treatment results tor all sampling points are significant.
Notice that the maximum specific growth rates for the algae, throughout the L \ ' 
Bay (L \  B1.S to LVB4.95NFÜ.5), when grown at current nutrient levels (the control), 
averages 9.50, day and it occurs within the first three days o f incubation. When 1 ppm
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nitrate was added alone, no significant increase in growth rates was observed. However, 
when P was added alone or in combination with N, the specific growth rates doubled, 
compared to the control. Statistical analysis o f the specific growth rates revealed, at a 
confidence level greater than 95",,. that P is the lim iting nutrient in the Las Vegas Bay. 
when S. capriconiutum  is used as inoculum.
The effect o f various nutrient additions on the maximum biomass content o f S. 
capriconiutum  (as chlorophyll fluorescence) o f Lake .Mead waters is shown in Figures 
4.4b to 4.4b. The statistical analysis shows that for all sampling points the effect o f 
nutrient additions on algal biomass is significant at confidence interval greater than 95"Ô. 
Pairwise comparison o f the results, for all the sampling points, shows that the addition o f 
nitrogen alone did not promote the generation o f algal biomass greater than that o f the 
control. However, the addition o f P alone or in combination with nitrogen produced 
more biomass than the control. For sampling points L.VB1.8 and LVB2.7, in the inner 
LV  Bay, the addition o f nitrogen and phosplioius combined resulted in more biomass 
production than the addition o f phosphorus alone. For sampling points LVB3.85 and 
L\'B4.95NF0.5. there is no significant difference in algal biomass between P addition 
alone and N and P addition combined. Therefore, for sampling points LVB 1.8 and LVB 
2.7, the biomass chl-a data results are different from results even measurement o f the 
maximum specific growth rates. This happens because the ma.ximum specific growth 
rates are observed within the first three incubation days, while the etTects o f N and P on 
algal biomass seem to differentiate during the last days o f incubation. The waters w ith P 
addition have the lowest N: P ratios. This indicates that nitrogen limitation affects more 
the waters with P addition than those w ith both nutrient additions. Therefore, the nitrouen
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may he consumed by the algae to a level in which the P ratio o f the water is 
sufficiently low to change from phosphorus limitation to nitrogen limitation, and thus 
further algal growth would be restricted by the nitrogen level in the w ater.
The average daily chlorophyll fluorescence versus the incubation time with 
different nutrient additions o f the Lake water from the same four points within the LV 
Bay is shown in Figures 4.4c to 4.4c. As observed in these figures, during the whole 
incubation period, the Lake water with 1.0 ppm N addition has the same grow th trend as 
the control water w ith no nutrient addition. Water w ith 0.05 ppm P addition alone and 1.0 
ppm N and 0.05 ppm P addition in combination, both presented significantly more 
growth than the control and N addition only. Generally, both the fiasks with P addition 
alone and those with N and P in combination presented the same trend during the initial 
days o f incubation, whereas, some waters w ith N and P additions show ed more biomass 
grow th in the latest period o f incubation.
Table 4.6 shows the amounts o f nutrients consumed by S. capricorniituni under 
different nutrient limitations. Notice that, in general, the higher the concentration o f N 
and P the algae is subjected to. the higher the amount o f nutrient taken up by the algae, 
lim itation however happens, when the amounts o f P or N present do not to stimulate 
further grow th.
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4.3.2 .Algal Growth Potential o f  Current Nutrient Levels in LV the Bay Using lake
phytoplankton
The Lake phytoplankton was also used as the inoculum in the bioassay 
e.xperiments o f algal growth potential o f current nutrient levels at LVB 2.7. LVB 3.85. 
and L \ 'B  4.95NE0.5 within the LV  Bay. Because the Lake's level decreased during this 
research, sampling point LVB 1.8 disappeared in June 2001.
The effect o f various nutrient additions to the waters collected from the three 
points on the ma.ximum specific growth rates o f lake phvloplanklon is shown in In g u res 
4.8a to 4.10a. The statistical analysis o f the data showed, for all sampling points, that the 
addition o f P alone or P and N combined promoted significant algal growth, while the 
addition o f N alone did not result in significant growth. Additionally, the results showed 
that P alone or in combination with N has the same effect on algal growth. Similar 
results were obtained for the bioassay experiments using S. capnconitiium  as inoculum. 
This indicates that, for the current nutrient levels, the lim iting nutrient in the I.as Vegas 
Bay is phosphorus, using both the standard algae S. capnconnitiim  or Lake 
phytoplankton
When the Lake phytoplankton was used, however, much higher growth rates 
(average o f 0.86 day as compared to 0.5,day for S. capriconmnim) were observed for the 
control water o f all the three points. (Figure 4.1 la). The maximum specific growth rates 
ofeach series o f all the bioassay tests occurred within the first two days o f  the incubation 
period. This is about 1-2 days earlier than when S. capriconnaum  was used.
Statistical analysis (.Appendix F) o f the data, plotted in Figure 4.1 la, reveals that, 
tor the same species (S. capncormaum  or the Lake phytoplankton) and for all sampling
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points, the algal specific growth rates are not significantly different from one another. 
However, for different species inoculated in the same control waters o f the sampling 
points, there is a significant difference (> 95"I, confidence) between the growth rates o f S. 
capncornuiiim  and that o f the Lake phytoplankton. This indicates that the entire area o f 
the Las Vegas Bay sampled, has the same algal growth potential. In addition, the results 
indicate that for the same nutrient concentrations, the Lake's phytoplankton has growth 
rates much greater than those o f the standard organism S. capricormawn and can keep 
the high growth rates e\ en in waters with \ ery low phosphorus levels.
Figures 4.8b to 4.10b and Figures 4.8c to 4.10c show the effect o f various nutrient 
additions on the ma.ximum biomass content o f  the Lake phytoplankton. Statistical 
analysis reveals, at a confidence level > 95"/o, that the addition o f nitrogen alone to the 
bioassays did not promote larger biomass content. However, when P was added alone or 
in combination with nitrogen, significantly greater biomass content was obseiwed for all 
the sampling points. However, no significant difference was found between the biomass 
content o f  the bioassays to w hich P alone or in combination w ith N was added. Thus, for 
the Lake phyloplankton. both the analysis o f specific growth rates and biomass content 
show that the Las Vegas Bay is P-limited. This is slightly different from the results 
found when S. capriconuiliun was used; in that case, a larger biomass content, for the 
sampling points in the inner L \ ' Bay. was found when nitrogen w as added in combination 
w ith  phosphorus. It is also important to note that the Lake phyloplankton takes up greater 
amounts o f phosphoais than S. capriconmium.
The maximum biomass contents o f the “ control" waters o f all the sampling points 
using S. capricornuium  and the Lake phytoplankton as the inoculum are compared m
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Figure 4.1 lb. The results reveal, at significant level, that the biomass content generated 
by the Lake phytoplankton is greater than that generated by S. capricormtiiim. for all 
sample locations ( Appendix F). This implies that the lake phytoplankton can produce 
great amounts o f biomass even in waters with very low phosphorus levels. The statistical 
analysis o f the results shows that for S. capricornuium. there is not a significant 
difference in the biomass content production from point LVB 1.8 to LVB 3.85. 
However, sampling point LVB 4.95NE0.5 shows the highest biomass content. This 
sampling location is also the one for which the DOP content o f the sample was the 
highest and the nitrate concentration the lowest (Table 4.4). For the Lake phytoplankton, 
the biomass generated at pointsLVB2.7 and LVB3.85 are not significantly different. 
However, less biomass is generated by the Lake phytoplankton at samplig point LVB 
4.95NE0.5. .Apparently, at this point, the farthest point o f the Bay studied, the conditions 
favor S. capricornuium  to the Lake phytoplankton.
From the above comparisons, it can be concluded that the Lake phytoplankton can 
use phosphorus more efficiently in Lake .Mead’s water than S. capricornuium. For the 
same amount o f  nutrients increase, especially for P increase, faster and greater P uptake 
(Table 4.6), and thus greater algal biomass contents can be expected for the Lake 
phytoplankton than for S. capricornuium. The nitrate levels in Lake Mead are v ery high 
and N:P ratios in the Bay vary from 2000: 1 to about 100: 1. Several authors have 
reported that algae culture subjected to P deficiency shift from N P ratios o f about 15 to 
about 100, then upon exposure to phosphate shift the ratios o f < 10 (, Droop, 1974; 
Correll et al., 1974; and Cornel et al., 1975) . .Algal cultures that had been deprived o f 
adequate P also exhibited a 26-tbld increase in cellular P contents (as polyphosphate)
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with in hours o f exposure to phosphate (Correll et al. 1962). These are examples o f the 
phosphate "overplus phenomenon” . Algae that have been severely limited by P 
deficiency for a period become physiologically poised to assimilate phosphorus 
efficiently. I f  they are exposed to phosphate supply they take up unusually large 
amounts per cell. It is very likely the phytoplankton from Lake Mead have been 
selected for such a capability because o f the high nitrate levels in the Lake as compared 
to phosphorus levels. However, anatomical studies o f the Lake phytoplankton are 
needed to identify excessive storage o f polyphosphate inside the phvloplankton cells.
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4.3.3 Summary Conclusions o f Results o f AGP for Current Nutrient Levels in the LV 
Bay Using S. capricomutum and Lake Phytoplankton
From the bioassay test results for the current nutrient levels in the LV Bay using 
S. capnconiHiiun and the Lake phytoplankton, the following conclusions can be drawn:
1. The .AGP o f the Las Vegas Bay waters, measured by the maximum specific 
growth rates, using both the standard organism ,V. capricornuium and Lake 
phytoplankton reveals that the Bay is phosphorus limited. However, analysis 
o f  the biomass content S. capricormitum  shows that when N is added in 
combination with P, more biomass is produced for the inner sampling points o f 
the Bay. For Lake phytoplankton this was not obser\ed, and both the growth 
rates and the biomass content indicated the Las \  egas Bay is P-limited.
2. .Analysis o f the maximum specific growth rates showed that the Lake 
phytoplankton grows at rates 70"» taster as those o f .N capricorniiiuin tor all
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locations studied within the Bay. The average growth rate for the Lake 
phytoplankton was 0.86 day as compared to 0.5 day for S. capricnnnitum. In 
addition, the data showed that the maximum specific growth rates for the Lake 
phytoplankton is reached 1-2 days earlier than those ot\S’. capricomutum.
3. For the same algae type, the specific growth rate is independent on location, 
but dependent on species. That is, the entire Bay produces the same growth 
rate, but the growth rate for the Lake phvloplankton is higher than that for S. 
capricornuium.
4. The Lake phytoplankton can use phosphorus more efficiently in Lake Mead's 
water than S. capricornuium. For the same amount o f nutrient increase, 
especially for P increase, faster and greater P uptake was observed for the Lake 
phytoplankton than for S. capricornuium. It is likely that the Lake
phytoplankton is experiencing the phosphate "overplus phenomenon"; algae 
that have been severely limited by P deficiency for a period become
physiologically poised to assimilate phosphorus efficiently and store it in the 
cell as polyphosphate.. It is possible that the phvloplankton from the Bay have 
developed such a capacity because o f the high nitrate levels o f the Bav 
compared to phosphorus levels.
4.4 .-Mgal growth Potential (AGP) o f Nutrient Levels Higher than Current Levels in
the LV Bay
The bioassay tests listed in Table 4.7 were pertonned on the Bay waters with 
higher levels o f both nitrogen and phosphorus. The Lake water used in these tests was
taken trom sampling point LVB2.7. .Additional N and P were added to increase the
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concentrations o f the control water. Thus, the "control" in these tests is the water from 
sampling point LVB2.7 to which additional N and P were added (Table 4.7). S. 
ciipriconuitiim  and Lake phytoplankton were both used as inoculum.
Table 4.8 summarizes the DOP. NO,-N. and N: P ratios and maximum specific 
growth rates found in all the tests. The amounts o f DOP and N'0;-N consumed by the 
algae with the various experimental conditions are shown in Table 4.9. These amounts 
were calculated by measuring the initial and final concentrations o f these nutrients in 
each experimental flask. The numbers reported in Table 4.9 are the averages o f four 
replicate flasks used in the experiments.
Table 4.7 The bioassay test number o f the estimated future N and P concentration o f the 
Lake water (control) at point LVB 2.7 using S. capricomutum  and Lake
Expected nutrient 
level in control
i S. capricomutum Lake phytoplankton
2 ppm \ T F l SC T FI - LP
20 ppb P
2 ppm N T F2 SC T F2 - LP
50 ppb P I t
5 ppm N : T F3 SC i T F3 - LP
20 ppb P 11 ;
5 ppm N 1 TF4 SC j T F4 - LP
50 ppb P 1
Note: In test name: T = test
F: = name o f the test water
SC &  LP -  inoculum species
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X:P IJma.
1 /dav
DOP 
ppb P
N 0 3 -N  
ppm  N
X;P
1 das
I sill” S.e.
I I 21 19 2 . 0 0 94 1.45 20.23 3 29 103 1.64 09 OX 2.23 33 1.42 08.09 2 93 43 1.70
1 - 2 4,S..M) 2.17 45 1.19 4S.NS 2.90 01 1.34 99.03 2 . 2 0 23 1.23 101.90 3.03 30 1.32
1-3 24 .3S 3.09 207 0.72 24.19 3.97 247 0.91 73.33 3.20 69 0.92 73.92 0 , 0 1 79 1.13
14 5().3o 5.23 93 O.NO 37.OX 3.97 105 1.05 110.13 3.37 49 0.86 108.04 0.17 57 0.93
Using Lake's algae
I I 23.00 2 . 0 0 90 1.10 21.04 2.92 139 1.17 81.40 2 . 0 0 25 1.18 81.04 2.93 36 1.71
1 - 2 31.04 2.03 40 1.10 32.40 2.93 50 1.47 100.30 2 . 0 2 20 1.34 100.30 2.97 30 1.82
13 19 IV 3.03 203 1.10 20.33 0.13 301 1.05 73.23 3.08 69 1.29 70.92 6.03 85 1.29
14 32.27 3.07 97 1.20 49.90 3.99 120 1.27 104.38 4.97 48 1.34 101.30 0.06 60 1.29
Noie; conlrol walcr was taken from sampling point LVB2.7 and augumcnted with N and P.
■D
CD
C/)
C/)
CD■D
â  
s
Q .
"O
CD
C/)(g
o"3
CD
8■D
C5-
ZT
i3
CD
C3.
CD■O
I
C
aO
3
■O
S
Table 4.9 N and P m ilricnl uptake by the algae during the incubation period
enntrul 1.0 N 0.05 1* 1.0 N+0.051*
W ater name nuti ient eonsu lied nutrient cunsumed nutrient eonsunied nutrient consumed
N0.3 
pi>l) N
1)01 ' 
pph 1*
N:l* N 03  
ppb \
1)01 ' 
ppb 1*
N :l' .N03 
ppb N
1)01 *
ppb 1’
N:l* N 03  
ppb N
1) 01 * 
ppb 1*
N;l*
using S.( '. ---
I I 1(>3.1() 2 2 . 1 7 324.9 2 0  1 16 251.34 70.2 4 340.35 73.9 5
1 - 2 380, S 50.2 8 507.5 52.5 11 398.83 94.3 4 461.62 93.3 5
13 401 X 20 7 22 1290 10.7 77 897 68.3 13 1803.4 09.6 27
1 - 1 1934 52.0 37 1848.9 52.1 35 1 0 2 1 . 2 54.9 19 1219.1 69.7 17
using lake algae
I ) 403.3 19.3 24 915.3 18.6 49 1 1 2 2 60.2 17 1057.2 66.9 16
1 2 1294.0 48.1 27 1539.8 48.4 32 1560.1 99.5 16 1368.4 1 0 1 . 6 13
13 203 9 1 ti.3 10 717.3 17.0 41 771.7 57.6 13 745.11 55.4 13
1-4 434 0 48 9 813.7 47 4 17 414.9 82.4 5 856.8 6.3 14
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4.4.1 Algal Growth Potential for Nutrient Levels Higher Than the Current Ones in the
LV Bay Using .S', capriconnitwn
Figures 4.12a - 4.12c to 4.15a - 4.15c show the effects o f  various nutrient 
additions to waters FI to F4 on the maximum specific growth rates, maximum biomass 
contents, and the growth trends o f the S. capricornuium during the incubation period.
Compared with the bioassay test results for the Lake water w ith current nutrient 
levels at point LVB2.7 (Figure 4.5a). where the maximum specific growth rate tor the 
control was 0.38 day. the specific growth rate for the FI control water is almost four fold. 
1.45 day (Figure 4.12a). Thus, for LVB2.7. when the nitrate concentration was kept 
constant at about 2 ppm and the phosphorus level was increased o f about 20 ppb. the 
specific growth rate for S. capricornuium  was found to be four times greater.
Statistical analysis o f the data, for tests to which N and P alone or in combination 
were added to water F I. shows that no significant increase in maximum specific growth 
rate is observed when additional N and P alone or in combination are added to the control 
FI water. This means increasing P concentrations up to about 68 ppb and NO;-N 
concentration up to 3 ppm did not promote maximum specific growth rates higher than 
those obtained for P concentration o f  20 ppb and N concentration about 2 ppm.
.Analysis o f the maximum biomass content o f the FI water compared to that o f 
LVB2.'^ water shows that the maximum biomass content (as CF) increased from 84 to 
354 as the P level increased from about 2 ppb to 20 ppb. When the P level was increased 
to about 68 ppb and NO;-N levels increased to approximately 3 ppm. an increase in 
biomass greater than the FI control was observed. .Adding N or P alone resulted in the 
same increased in biomass content, w hile the addition o f N and P in combination resulted
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in highest biomass content. This ctTect. however, was not observed from the ma.\imum 
specific growth rates. That happens because the ma.\imum specific growth rates in these 
tests were observed w ith in the first two days o f incubation.
In test water F2. the phosphorus level was increased to 50 ppb. while keeping the 
N 0 : - \  concentration the same (2 ppm). The statistical analysis shows that there is no 
significant difference on ma.ximum specific growth rates when N and P alone or in 
combination are added to the F2 water. .Analysis o f  the biomass content, at a confidence 
level > 05"». shows that only the addition o f N alone promoted significant increase in 
biomass content, as compared to the control. Thus, the increase in biomass content is N- 
limited. .Again, this effect cannot be observed by analyzing the maximum specific grow th 
rates because they occurred very early in the process, within the first incubation days.
The concentration o f DOP in test water F3 was kept at 20 ppb and the NO î-N 
concentration was increased to 5 ppm. The statistical analysis reveals, at confidence level 
> 95"». that there is a significant increase in the maximum specific growth rate when N or 
P alone or in combination are added to the control F3 water. However, the addition o f N 
or P alone promoted the same increase in the growth rates, while the addition o f N and P 
in combination promoted a greater increase o f the maximum specific growth rate. Thus, 
this system is co-limited by N and P. Howev er, the biomass content data show s that the 
system is P-limited.
In test w ater F4. the nitrate concentration was kept at 5 ppm. but the P level w as 
increased to 50 ppb. No significant increase in maximum specific growth rate was 
observed when nutrients were added. The analysis o f the biomass content data reveals 
that the addition o f both N alone and N and P in combination promoted significant
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increase in biomass. The addition o f P alone has no effect on the biomass content as 
compared to the control and the system is therefore nitrogen-limited.
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Figure 4.12a t if fe c t o f  various nutrien t add itions on Figure 4.12b Effect o f  various nu trien t additions on 
.V L iip n c iin it itu m  'zro\'>lh the m axim um  biomass content (C l-) o f
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water FI at point L V B 2 .7  future t.ake w a te r F I at po in t I.V [32.7
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Figure 4.12c C h lo rophy ll tluorescence vs. incubation period for various nutrient add itions to the simulated 
tut lire Lake water FI at po in t L \ 'B 2 .7  using S c a p ric u n n itu m  as inocu lum
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Figure 4.13c C h lo rophv il tluorescence vs incubation period for various nutrient additions to the simulated 
til tu re la k e  water F2 at po in t l . \ 'B 2 .7  us ine .S' cu p rx -o rn u n im  as inoculum
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Figure 4.14c C h lo ro ph v il tluorescence vs. incubation period for various nutrient additions to the simulated 
future Lake water F3 at po int LV B 2.7  using .S’ c a p n c o n n u u m  as inoculum
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4.4.2 .Algal Growth Potential tor Nutrient Levels Higher Than the CuiTent Ones in the
LV' Bay Using Lake Ph^toplankton
Besides the S. capriconiutum, the Lake phvloplankton was also used as the 
inoculum and the same bioassay tests were pertbrmed with the water FI to F4. Figures 
4.16 to 4.19a -4 .19c  show the effects o f  various nutrient additions to water FI to F4 on 
the maximum specitlc growth rates, maximum biomass contents, and the growth trends 
o f the Lake phytoplankton during the incubation period. The effects o f various nutrient 
additions to water FI and F2 on the maximum biomass contents and the growth trends o f 
the Lake phvloplankton during the incubation period were not plotted, because when 
conducting these two tests. Lake phytoplankton collected from the point LVB2.7 were 
not tresh due to the algae bloom o f  the Lake, and thus coagulation and sedimentation o f 
the algae started from the 4'*’ day o f the incubation. Therefore, the biomass content could 
not be measured using the fluorometer after the 4'*^  day o f the incubation. However, the 
maximum growth rates still could be obtained from the tlrst three days o f the CF data.
Comparing the results o f  test T FI LP with the water with current nutrient 
levels, in which the N: P ratio is 286 (Figure 4.8a). the maximum specific growth rate 
increased from O.SI/day in the current nutrient levels to 1.10 day. Higher maximum 
specitlc grow th rates were obtained, as expected. However, this increase is not as great as 
that observed when S. capricornuium  was used as the inoculum. When S. capnconnuum  
was used, the growth rates increased trom 0.38 day to 1.45 day (Figure 4.5a and 4.12a). 
This indicates that at lower P concentrations, the Lake phvloplankton had higher 
maximum specitlc growth rates than S. capricornuium. It also appears that the Lake 
phvloplankton can reach very high growth rates at very low P concentrations. .At P
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concentration o f about 2 0  ppb. the difference in maximum specitlc growth rate between
S. capricorniitiini and the Lake phylopiankton is not as pronounced. Statistical analysis o f 
the maximum specific growth rate for water FI shows that only the addition o f N and P 
in combination promoted an increase in the maximum specific growth rate. Increasing the 
phosphorus content to about 6 8  ppb or the nitrogen content to about 3 ppb alone did not 
result specific growth rates greater than that caused by 2 0  ppb phosphorus and 2  ppm 
N'OrN. This demonstrates that, for the Lake phvloplankton. as the P level in the water 
increases to 2 0  ppb while keeping the nitrate level about the same, the lim iting nutrient 
shifts from a P only to N and P co-limitation.
For water F2. at 95%  confidence interval, no significant increase in the specific 
growth rate was observed when N or P alone were added separately; but the addition o f N 
and P in combination promoted significant increase in the specific growth rate, 
demonstrating the system is still co-limited by N and P.
For water F3. no significant increase in the specific growth rate was observed 
when the NO3-N concentration was increased to 5 ppm and the P concentration remained 
20 ppb. However, a greater biomass content was observed when N and P were added in 
combination, showing N and P co-limitation.
For water F4. where the NO3-N level was 5 ppm and the P level 50 ppb. no 
significant difference in specific growth rates was observed when nutrients were added, 
singly or combined. Flowever. greater biomass content was observed when N or N and P 
combined were added. There is no significant difierence between the biomass content for 
\  or N -  P addition, indicating that the svstem is N-limited.
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4.4.3 Summary Conclusions o f Results o f  ,-\GP o f Increased Nutrient l evels in the I . \ ’
Bay Using S. capricomutum and Lake Phytoplankton
Based on the analysis o f the bioassay results, when higher N and P levels were 
used for the Lake ph\toplankton and S. capricornuium as inocula, the following 
conclusions can be made:
1. Changing N and P concentrations to levels higher than the current ones in the 
Lake water significantly increased the algal growth rates and biomass content.
2. For S. capricornuium  and N and P concentrations higher than current levels 
(waters FI to F4), the ma.ximum specific growth rates, for all the nutrient 
additions, occurred within the first two incubation days. No significant 
difference in maximum specific growth rates, except for water 13. was 
observed when N and P were added either alone or in combination to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 3 0
control waters. Thus, it is not possible to accurately forecast nutrient 
lim itation using the maximum specific growth rate results.
3. For S. capricornuium, changes in nutrient limitation, as N and P 
concentrations were increased, were clearly observed from the maximum 
biomass content data o f each nutrient addition (Figure 4.20). A t current 
nutrient levels. Lake Mead's water is P-limited. When the P level increased to 
about 20 ppb. while maintaining the N level the same (2 ppm), the limitation 
shifted from P only to both P and N. w ith N as the dominant lim iting nutrient. 
.A.S the P level o f the control was increased further to about 50 ppb, while \  
was kept the same (2 ppm), the lim iting nutrient shifted to \  limited, only as 
expected. .-Mtcmatively. when the P level was kept at about 20 ppb. while 
increasing the N level to about 5 ppm. the nutrient limitation changed from 
co-lim itation with N dominance to P lim itation because o f the large amount o f 
N present in the water. However, when both N and P were increased to 5 ppm 
and 50 ppb. respectively. N limitation was observed. One would expect that 5 
ppm nitrate is a high enough concentration to switch the lim itation to 
phosphorus. However, that was not observed. It seems that at a P 
concentration o f 50 ppb. much higher nitrate eoncentrations are needed.
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Figure 4.20. Changes o f nutrient limitation o f waters with N and P levels higher than the 
current values when S. capricornuium was used as inoculum
4. For the Lake phytoplankton and higher nutrient levels (waters FI to F4), the 
maximum specific growth rates o f all the nutrient addition series occurred in 
the first day o f incubation. No significant difference in the maximum specific 
growth rates was observed a fier N and P were added either alone or in 
combination to waters F3 and F4.
5. Changes in nutrient limitation, as N and P concentrations were increased, 
were observed in both the maximum specific growth rates and the maximum 
biomass content data (Figure 4.21). P-limitation was observed for the current
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nutrient levels o f the Lake. Increasing the P concentration to about 20 ppb. 
while maintaining the N level the same (2 ppm), shifted the lim itation from P 
only to co-limitation by both P and N. When the P level o f the control was 
increased to about 50 ppb. while keeping the N level the same (2 ppm), the 
system remained co-limited by N and P. but with X dominance due to the 
increase o f P level. On the other hand, when the P level was kept at about 20 
ppb, while increasing the N level to about 5 ppm, the system shitted to co­
limitation with P dominance. When the concentration o f both N and P were 
increased to 5 ppm and 50 ppb, respectively, limitation could not be 
established from the results.
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Figure 4.21. Changes o f nutrient lim itation o f waters with N and P levels higher than the 
current values when Lake phytoplankton was used as inoculum
4.5 Relationship Between Nutrient Levels in the Water and .\lgal Growth Potential
Prev ions studies have shown that there is a strong relationship between 
phosphorus concentration in the water and the algal growth potential (Maloney et al.. 
1972; Lulls et al., 1972). Other studies, however, have indicated that the algal depends on 
both phosphorus and nitrogen concentrations.
In this research, the N and P concentrations, in the control waters for all the 
bioassay tests, were correlated with the maximum specitlc growth rate o f both S. 
capnconiuim n  and the Lake phvtoplankton (Tables 4.10 and 4.11 ). The linear correlation
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between the Unu\ o f  S. ccipriconiiittim in each o f the control waters and the logarithms o f 
DOP and nitrate concentrations in the water are presented in Figures 4.22a and 4.22b. 
Figures 4.23a and 4.23b show the linear regression between the prux o f the Lake 
phytoplankton in each o f the control waters and the logarithms o f DOP and nitrate 
concentrations in the water.
The correlation coefficients between algal growth rates o f S. caphconiutwn  and 
the Lake phytoplankton and log (DOP) are 0.53 and 0.95, respectively. The results show 
that there is a very strong relationship between algal growth rates and the DOP 
concentrations for the Lake phytoplankton, and such relationship may correspond to a 
first order growth for the Lake algae. However, for S. capricornutiim. the relationship 
between tbe algal growth rates and log(DOP) is not as strong as that for the Lake 
phytoplankton..
The correlation coefficients between algal growth rales o f S. capriconnttum  and 
the Lake phytoplankton and log ("NOf ), shown in Figure 4.22b and 4.23b, are 9.04 and
0.75, respectively. These results indicate that there is not a very strong correlation 
between dissolved nitrogen levels and the algal growth rates for both the Lake 
phytoplankton and S. capnconnilum.
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Table 4.10 DOP, nitrate concentrations and the maximum specific growth rates in the
control waters o f all the bioassay tests when using S. capncon m tu m  as the
inoculum
DOP 
ppb P
log(DOP) NO] 
ppb N
i log(NO])
i
t
Umax
Day’
2.08 i 0.318063 4410 ; 3.644439 0.58
2.68 ! 0.427324 1730 3.238046 ■ 0.38
3.02 : 0.480007 950 2.977724 0.47
6.14 Î 0.788168 560 ; 2.7481881 0.57
21.19 1 324077 2000 ! 3.30103 1.45
24.58 : 1.390582 5090 3.706718: 0.72
48.50 ; 1.685742 2170 j 3.33646 : 1.20
56.50 11.752048 5230 13.718502 0.86
2 00
1 50
0 50
U m a x  =  0  4 6 4 5 ( 0 C P  ) * 0  3 0 4 5  
R ' =  0 5 3 0 8
2 00
1 50
n
E 1 003
0 50
i J m a x  =  Q 2 2 3 2 ; N O j  - 0 0 1 7 3  
R- = 10431
♦
0 00
0 00 0.50 1 00 1.50
log (tX)P)
2 00
0 00
0.00 2.00 4 00
log (NO])
6 00
F ig u re  4,22a (.inoar regression between DOP level F igu re  4,22b l inear regression between nitrate level
in I.ake Mead and the m ax im um  in Lake .Mead and the m axim um
specific growth rates ( I o f  S. specific grow th rates ( | ot S.
c \ ip n c o n n iru m  c a p h c o n n itw n
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Table 4.11 DOP. nitrate concentrations and the maximum specific growth rates in the
control waters o f all the bioassay tests when using the Lake phytoplankton
as the inoculum
DOP 
ppb P
jlog(DOP)i
i 1
NO] 
ppb N
log(NO]) ' Umax
Day’
0.25 j-0.602060! 270 2.431364 11 0.21
4.27 I 0.630428 I 660 2.819544 0.93
5.04 ! 0 702431 1440 3.158362 ! 0.81
6.68 0.824776 980 2.991226 1 0 8 3
19.19 i 1.283075 5050 3.703291 1.10
23.00 1.361728: 2060 3 31386711 1 10
51.04 ] 1.707911 1 2050 3.311754 1.16
52.27 1 1 718253! 5070 3.705008 i 1.20
2 00  ■
1 50 •
Umax = 0 4137(00P| + 0 5231 
R: =0 9518
-0.80
00
50
0 00
0 00 0.80 1.60 
log (DOP)
2 40
2 00
1 50 ■
n
E 1 003
0 50
0 00
Umax = 0.6438(NO]) - 1 12941 
R- =0 7495 I
0 00
/
2.00 4 00
log (NO3)
6 00
F ig u re  4.23a I.inear regression between DOP leve l F ig u re  4.23b Linear regression between nitrate level
in Lake Mead and the m axim um  
specific  grow th rate (Unu-.) o f  the 
Lake phytoplankton
in Lake Mead and the m axim um  
specit'ic g row th rate ( li„un) o f  the 
Lake phytoplankton
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4.6 Relationship between Nutrient levels and Algal Biomass
Besides the relationship between P and algal growth rate, it has been widely 
accepted that a strong relationship also exists between phosphorus and algal biomass 
content in the waters. A considerable number o f  equations, relating phosphorus levels and 
chlorophyll content o f algal for several lakes, have been reported (Nicholls and Dillon, 
1978). .A very strong correlation (R ' ^92% ) between the DOP concentrations in the 
control waters o f  all the bioassay tests and the biomass content (expressed as CF data) in 
the waters was observed in this research for both S. capricornutiim and Lake 
phytoplankton (Tables 4.12 and 4.13 and Figures 4.24a and 4.25a). Notice that the 
correlation coefficients between the logarithm o f DOP concentrations and logarithms o f 
maximum biomass content o f S. capnconiiituin  and the Lake phytoplankton are both
0.93. This indicates that independent on the algal species, a strong linear relationship 
does exist between log(DOP) and log(CFmax ) in the water o f Lake Mead. Based on the 
linear regression results, such relationship can be expressed by the following equations:
For S. capricornutiim:
log(CFmax) = O.S5321og(DOP) ^ 1.4517 
For the Lake phytoplankton:
log(CFmax) = 0.731 1 log(DOP) -  1.8107
.A very weak correlation was found between the nitrate levels in the Lake's water 
and algal biomass (as CF) tor S. capriconiutum  (Figure 4.24b, R" = 0.14). However, a 
\e ry  strong coirelation between dissolved nitrogen level and the algal biomass contents 
(as CF) was obsen ed tor the Lake phytoplankton (Figures 4.25b, R" ^ 0.98).
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Table 4.12 DOP and nitrate concentrations and the maximum biomass content during the
incubation period in the control waters o f all the bioassay tests when using S.
capricon iu tum  as inoculum
DOP log(DOP) NOj log(N0 3 ) ; CF max lOg(CFmax)
ppb P ppm N
2.08 0.318063' 4410 3.644439 : 41 1612784
2.68 0.427324 ; 1730 3.238046 ' 84 , 1.886491
3.02 0.480007 Î 950 2.977724 ; 52 1.690196
6.14 0.788168 560 2.748188 185 j 2.178977
21.09 1 1.324077 ! 2000 3.30103 1 354 2.623249
24.58 1 390582: 5090 3.706718 745 ' 2.929930
48.50 1.685742 ' 2170 3.33646 ! 590 2.765669
56.50 1.752048' 5230 3 718502: 742 2.870404
Xn
5 00 
4 00 
3 00
5 00
CJ
w 200  
o
1 00 
0 00
lo g iC F m a x l  = :  8 5 3 2 :D O P !  4 5 1 7
R i  = 0  9 2 5 2
0 00 0 50 1 00 1.50 2 00
log (DOP)
O)o
1 00
log(CFm.i<I = .j d507(N0 »0 4369 
R-' = 0 1337
3.00 ;
♦
♦
2.00 ; ♦
0 00 1 00 2 00 3 00 4 00
log(NO, )
Figure 4.24a l.inear regression between DOP level Figure 4.24b L inear regression between nitrate level
in Lake Mead and the m axim um  
biomass content o f  .S. c a p n c o n n ilu m
m Lake Mead and the m axim um  
biomass content o f  S, c a p ric o rn u iu m
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Table 4.13 DOP and nitrate concentrations and the maximum biomass content during
the incubation period in the control waters o f all the bioassay tests when
using the Lake phytoplankton as inoculum
DOP 
ppb P
jlog(DOP) NOj 
ppm N
log(NO ])T
i
!
ilog(CF max)
0.25 j-0.602060 270 2.431364; 31 1.477121
4.27 i 0.630428 660 2.819544! 110 2.041393
5.04 10 702431 1440 3.158362! 212 2.326336
6.68
1
i 0.824776 980 2.9912261 190 ' 2.276462
19.19 ; 1.283075 5050 3.7032911 897 : 2.943989
52 27 1.718253 5070 3.7050081 1275 '3 1 4 6 1 2 8
__
6.00 5.00
l o g ( C F m a x l  = 0  7 3 1  1 ( D O P ) * 1  8 1 0 7 1  
R - = 0  9 2 7 2  I
-  4.50
O 3.00
_  4.00 )
% ! 
E I
^  3.00 i
Ï  !o I
-  2.00 I
lo g ( C F m a x )  = 1 1 7 4 7 ( N O . )  - 1 3 1 6 4  
R -  = 0  9 8 4 7
0.00
-0.80 0 00 0.80 1.60 
log (DOP)
2,40
1.00 L-.. 
0.00 1.00 2.00 3.00
iog(NO, )
4 00
F ig u re  4.25a I.inear regres.sion between DO P level F ig u re  4.25b Linear regression between nitrate level
in Lake Mead and the m axim um  in Lake Mead and the m axim um
biomass content o f  Lake phv iop lank ton  biomass content o f  Lake phytop lankton
It is important to mention that the above equations relating biomass content to 
DOP le\els are only estimates based on a limited number o f the bioassav test results
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
140
under controlled condition o f the laboratory. Different equations may result when more 
bioassay test results are available or when bioassay tests are performed in situ.
4." Summary Conclusions o f Relationships between Nutrient Levels, .Algal growth
Potential and Biomass Content in the Las Vegas Bay
1. There is a very strong relationship between algal growth rates and the DOP 
concentrations for the Lake phytoplankton. This relationship is weaker for S. 
ciipricormiium. demonstrating the sensitivity o f Lake phytoplankton to 
increased phosphorus levels. This strong correlation supports that the Lake 
phytoplankton, being severely lim ited by P detlciency. became 
physiologically poised to assimilate phosphorus efllciently and store it in the 
cell as polyphosphate.
2. A very strong correlation between the DOP concentrations and the biomass 
content was observed for both S. capriconiiiiiun and the Lake phytoplankton. 
This happens because biomass content was measured over a longer period o f 
time while the specific growth rates occurred within the first days o f 
incubation.
3. A very weak correlation was found between nitrate levels in the Lake's water 
and algal biomass for S. capriconiutum. Howe\er, a \ cry strong correlation 
between dissolved nitrate le\ els and the algal biomass contents was obsen, ed 
for the Lake phytoplankton.
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4. Strong correlation between both nutrients (phosphorus and nitrogen) and algal 
biomass (as CF) explains the co-lim itation observed in the bioassay tests for 
Lake phvloplankton.
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CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
The following conclusions are drawn from this research:
1. The nutrient loading to the Las Vegas Bay. from point sources (VVVV'TP’s), 
has increased considerably since 1995. During the summer, phosphorus 
loading from point sources has been kept below the established pemiit o f 
334 lbs P day. However, in the winter, when the permit is relaxed, P 
loadings about twice as large (600 lbs. day) arc discharged into the Las 
Vegas Bay.
2. There is not enough data available to allow for an accurate evaluation o f 
the contribution o non-point sources to the nutrient le\ els in the Las Vegas 
Bay. Mass balance calculations, using the contribution o f point-sources 
and phosphorus concentration on the lowest sampling point o f the I.as 
Vegas Wash, revealed the P contribution from non-point sources, tor some 
years, has been much larger than the assumed 100 lbs day.
3. There are several alternative way to decrease point and non-point sources 
nutrients loading to the Las Vegas Bay. They include apply ing whole year
142
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discharge permits, upgrading o f all local WWTPs to tertiary treatment, 
improving the TP removal efficiency o f the WWVTPs, introducing 
denitritlcation process to the WWTPs, and controlling non-point source 
nutrient discharge. Applying a whole year loading pennit for TP is 
probably the most effective way to significantly lower the phosphoais 
loading to the Lake.
4. The algal growth potential (AGP) o f the Las Vegas Bay waters, measured 
by the maximum specific growth rates, using both the standard organism
S. capricornutwn and the Lake Phytoplankton re\ eals that the Bay is 
phosphorus limited. However, analysis o f the biomass content S. 
capriconiutum shows that when \  is added in combination with P, more 
biomass is produced for the inner sampling points o f  the Bay. For the 
Lake Phytoplankton this was not observed, and both the growth rates and 
the biomass content indicated the Las Vegas Bay is P-limited.
5. Analysis o f the maximum specific growth rates showed that the I.ake 
phytoplankton grows at rates almost twice as fast as those o f ,V. 
capriconiutum  tor all locations studied within the Bay. The average 
growth rate for the Lake phytoplankton was d.Sb day as compared to 
(1.5 day for S. capriconiutum. In addition, the data showed that the 
maximum specitlc growth rates for the Lake phytoplankton is reached 1-2 
days earlier than those o f 5. capriconiutum.
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6. For the same algal type, the specific growth rate is independent on 
location, but dependent on species. That is. the entire Bay produces the 
same growth rate, but the growth rate for the Lake phytoplankton is higher 
than that for S. capriconiutum.
7. The Lake phytoplankton can use phosphorus more effic iently in Lake
Mead’s water than S. capriconiutum. For the same amount o f  nutrient
increase, especially for P increase, faster and greater P uptake was 
observed for the Lake phytoplankton than for S. capriconiutum. It is 
likely that the Lake phytoplankton is e.xperiencing the phosphate 
"overplus phenomenon"; algae that have been severely lim ited by P 
deficiency for a period become physiologically poised to assimilate 
phosphorus efficiently and store it in the cell as polyphosphate. It is 
possible that the phytoplankton from the Bay has developed such a 
capacity because o f the high nitrate levels o f the Bay compared to 
phosphorus levels.
S. Changing N and P concentrations to levels higher than the current ones in
the Lake water significantly increased the algal growth rates and biomass 
content.
9. For S. capriconiutum  and N and P concentrations higher than current
levels (waters FI to F4), the maximum specific growth rates, for all the 
nutrient additions, occurred w ith in the first two incubation days. No 
significant difference in maximum specific growth rates, except for water 
F3. was observed when N and P were added either alone or in combination
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to the control waters. Thus, it is not possible to accurately forecast nutrient 
limitation using the maximum specific growth rate results.
10. For S. capriconiutum, changes in nutrient lim itation, as N and P 
concentrations were increased, were clearly observed from the maximum 
biomass content data o f each nutrient addition (Figure 4.20). .At current 
nutrient levels. Lake Mead’s water is P-limited. When the P level 
increased to about 20 ppb, while maintaining the N level the same (2 
ppm), the lim itation shifted from P only to both P and \ .  with N as the 
dominant lim iting nutrient. As the P level o f the control was increased 
further to about 50 ppb. while N was kept the same (2 ppm), the limiting 
nutrient shifted to N limited, only as expected. .Alternatively, when the P 
level was kept at about 20 ppb. while increasing the N level to about 5 
ppm. the nutrient lim itation changed from co-lim itation with N dominance 
to P limitation because o f the large amount o f  \  present in the water. 
However, when both N and P were increased to 5 ppm and 50 ppb. 
respectively. N lim itation was observed. One would expect that 5 ppm 
nitrate is a high enough concentration to switch the limitation to 
phosphorus. However, that was not observed. It seems that at a P 
concentration o f 50 ppb. much higher nitrate concentrations are needed.
11. For the Lake phytoplankton and higher nutrient levels (waters FI to F4). 
the maximum specific growth rates o f all the nutrient addition series 
occurred in the first day o f incubation. No significant difference in the
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maximum specific growth rates was observed after N and P were added 
either alone or in combination to waters F3 and F4.
12. Changes in nutrient limitation, as N and P concentrations were increased, 
were observed in both the maximum specific growth rates and the 
maximum biomass content data (Figure 4.21). P-limitation was observed 
for the current nutrient levels o f the Lake. Increasing the P concentration 
to about 20 ppb. while maintaining the N level the same (2 ppm), shifted 
the lim itation from P only to co-limitation by both P and N. When the P 
level o f the control was increased to about 50 ppb. while keeping the N 
level the same (2 ppm), the system remained co-limited by \  and P. but 
w ith N dominance due to the increase o f P level. On the other hand, when 
the P level was kept at about 20 ppb. while increasing the N level to about 
5 ppm, the system shifted to co-limitation with P dominance. When the 
concentration o f both N and P were increased to 5 ppm and 50 ppb. 
respectively, lim itation could not be established from the results.
13. There is a very strong relationship between algal growth rates and the 
DOP concentrations for the Lake phytoplankton. This relationship is 
weaker for S. caphconiutum. demonstrating the sensitivity o f Lake 
phvloplankton to increased phosphorus levels. This strong correlation 
supports that the Lake phytoplankton, being severely limited by P 
deficiency, became physiologically poised to assimilate phosphorus 
efficiently and store it in the cell as polyphosphate.
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14. A  very strong correlation between the DOP concentrations and the 
biomass content was observed for both S. capriconiutum  and the Lake 
phytoplankton. This happens because biomass content was measured ov er 
a longer period o f time while the specific growth rates occurred within the 
first days o f incubation.
15. A  very weak correlation was found between nitrate levels in the Lake’s 
water and algal biomass for S. capriconiutum. However, a very strong 
correlation between dissolved nitrate levels and the algal biomass contents 
was observed for the Lake phytoplankton.
16. Strong correlation between both nutrients (phosphorus and nitrogen) and 
algal biomass (as CF) explains the co-limitation observed in the bioassay 
tests for Lake phytoplankton.
5.2 Recommendations
In order to better understand the effects o f the nutrient levels in Lake .Mead on the 
algal growth potential and biomass productivity, further research is suggested in the 
following areas:
1. The kinetics o f the nutrient uptake o f S. capriconiutum  and the lake 
phvloplankton when incubated in Lake Mead water with different N and P 
levels.
2. Better estimation o f the non-point source nutrient loading to Lake Mead.
3. Isolation o f the dominant algal species in the Lake and fully understand the 
characteristics o f the dominant species in the Lake.
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4. The interactions between nutrient levels o f  the water and nutrients uptake 
habits o f  the dominant Lake algal.
5. In situ bioassay (macrocosms) tests for the effects o f \  and P levels in the 
Lake water on the algal growth potential.
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NUTRIENT CONCENTRATIONS IN THE SAMPLING POINTS OF
THE LA S \E G A S  BAY
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Month LVB1.8 LVB2.7 LVB3.5
TP DOP N03 NH4 TP DOP N03 NH4 TP DOP N03 NH4
mg P/L mg P/L mg N/L mg N/L mg P/L mg P/L mg N/L mg N/L mg P/L mg P/L mg N/L mg N/L
Jan-95 0011 0 008 0 765 0080 0008 0 005 1 051 0 080 0 016 0 006 1 070 0 400
Feb-95 0010 0 005 3 003 0 091 0.016 0005 1 626 0 080 0 016 0 008 0 601 0 240
Mar-95 0 053 0008 2 935 0 080 0.013 0.005 0 805 0 080 0 020 0 006 1 292 0 080
Apr-95 0.040 0.006 1 910 0 080 0013 0 006 0 695 0 080 0.021 0005 0 664 0 080
May-95 0 030 0 006 1 257 0 080 0 014 0 005 1 015 0 080 0 020 0 006 0 568 0 080
Jun-95 0 042 0 005 1 077 0 085 0 033 0 005 0 626 0 080 0 008 0 005 0 803 0 080
Jul-95 0 022 0 005 0 905 0 080 0 014 0 005 0 746 0 080 0.014 0.005 0 794 0 080
Aug-95 0 368 0 036 0 634 1 248 0.243 0.025 0 590 0 680 0 020 0 005 0 606 0 080
Sep-95 0 207 0 062 0 547 2 909 0.052 0.030 0 728 0 400 0 038 0 022 0 589 0 446
Oct-95 0 271 0 016 0 702 1 991 0 075 0 030 0 498 0 682 0 051 0 032 0 543 0 539
Nov-95 - 0 000 0 233 2 465 0 105 0 020 0 520 1 277 0 097 0 028 0413 0 400
Dec-95 - 0 000 0 540 0 400 0 073 0 033 0 700 0 593 0 073 0 033 0 537 0 680
Jan-95 0 106 0 000 0 575 0 605 0 057 0 033 0 733 0 400 0 060 0 030 0412 1 007
Feo-56 0 000 1 040 1 115 0 107 0 053 0 587 1 150 0 061 0031 1 205 0 494
Mar-96 0 125 0 078 0 657 1 020 0.120 0.073 0617 2 010 0 099 0 047 1 284 0 320
Apr-95 0.133 0.060 0811 2 656 0 050 0 024 0 664 0 628 0.037 0019 0 940 0 364
May-96 0 180 0 060 1 525 3 300 0 106 0 071 0 450 2 250 0 042 0 024 1 010 0 082
Jun-96 0 230 0 145 0 915 2 263 0 137 0 059 1 776 1 992 0 042 0 024 1 458 0 117
Jul-96 0 067 0 027 0 524 1 146 0 040 0019 1 059 0 400 0.021 0.010 0 835 0 080
Aug-96 0 136 0 081 0 770 3 607 0.076 0.046 1 191 0 400 0 031 0 014 0 721 0219
Sep-96 0 089 0 031 1 086 3 966 0.154 0.094 2 677 0 222 0 050 0 034 0 638 0 714
Oct-96 0 132 0 028 1 390 4 271 0 047 0 014 0 983 0 400 0 054 0 024 0 511 0671
Nov-96 0 049 - 0 460 0 440 0 097 0 070 1 287 0 400 0 107 0 038 0 402 0 678
Dec-96 - - 0 000 0 000 0 139 0 057 2 578 0 201 0 060 0 020 0 468 0 400
Jan-97 0 032 - 0 760 1 195 0 027 0 010 1 569 0 080 0 087 0 049 0 851 1 052
Feb-97 - - 0 000 0 000 0040 0012 0 693 0 093 0 060 0015 0 989 0 400
Mar-97 0 093 0014 0 425 2 346 0.095 0.055 1 906 0 232 0 061 0 039 1 265 0 318
Apr-97 0.209 0.064 2 323 1 263 0 081 0 032 2 521 0 165 0.053 0033 1 183 0 232
May-97 0 126 0018 2 660 0 407 0 045 0 015 0 969 0 080 0 033 0016 0 628 0 080
Jun-97 0 075 0 037 3 895 0 400 0 056 0 019 2 123 0 094 0 029 0 021 1 493 0 128
Jul-97 0 104 0 048 3411 0 400 0072 0 040 1 169 0 585 0.042 0015 0 744 0 207
Aug-97 0 093 0 067 3 975 0 282 0.067 0.021 0 694 1 098 0 022 0016 0 593 0 525
Sep-97 0 084 0 042 4 820 0 400 0.039 0.029 0 700 0 471 0016 0 O il 0615 0 439
Oct-97 0 093 0 057 3 499 0 175 0 022 0017 0 427 0 464 0017 0 010 0 949 0 320
Nov-97 0 041 0 009 6 045 0 154 0 023 0 009 0 467 0 742 0016 0 009 1 026 0 095
Dec-97 - - 5 237 0 108 0 021 0 009 0 746 0 400 0010 0 005 1 274 0 080
Jan-98 0 032 0 005 2 447 0 080 0 027 0 007 2 744 0 400 0021 0013 1 282 0 115
Feb-98 - - 2 637 0 090 0 023 0 009 1 504 0 400 0 036 0 026 0 568 0 560
Mar-93 0 056 0 021 2 146 0 107 0.014 0.007 0 382 0 208 0 020 0013 0 620 0 528
Apr-98 0.130 0.089 3 055 0 236 0020 0 009 1 789 0 400 0.021 0.018 0 576 0 505
May-93 0 140 0069 6 927 0 418 0019 0 012 0 801 0 320 0018 0 008 0 510 0 481
Jun-98 0 084 0042 8 275 0 139 0015 0 006 1 389 0 080 0016 0011 0 883 0 400
Jul-98 0 027 0 005 6 083 0 087 0 018 0 006 2 255 0 124 0.013 0007 0 692 0 280
Aug-98 0 059 0 027 4 118 0 096 0.009 0.006 0 461 0 080 0018 0011 1 136 0 336
Sep-98 0 040 0013 3 332 0 116 0.009 0.005 1 178 0 080 0013 0 006 1 053 0 081
Oct-98 0 060 0 022 2 060 0 092 0 032 0013 4 098 0 080 0 015 0 010 0 752 0 109
Nov-98 - - 1 145 0 082 0 020 0 006 2 077 0 139 0013 0 006 2 012 0 081
Dec-98 0 178 0 134 4 062 0410 0 010 0 005 1 342 0 080 0 022 0012 1 173 0 118
Jan-99 0 019 0 006 0 654 0 080 0 014 0 005 0613 0 080 0015 0 005 0 600 0 080
Feb-99 0 022 0 009 0 890 0 080 0015 0 009 0 763 0 080 0011 0 005 0 740 0 080
Mar-99 0 028 0 009 2 655 0 108 0.017 0.006 0 912 0 087 0016 0 006 0 760 0 130
Apr-99 0.031 0.Ô14 2 516 0 080 0010 0 007 1 039 0 080 0.007 0 006 0 785 0 080
May-99 0 020 0 005 3 031 0 080 0 014 0 005 1 019 0 080 0 008 0 006 0 708 0 080
Jun-99 0 055 0011 2 553 0 080 0012 0 007 1 248 0 080 0012 0 005 1 105 OOSO
Jul-99 0 033 0 007 1 039 0 080 0012 0 005 0 743 0 080 0.012 0 005 3 3 8 ' 0 102
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Continued
Month LVB1.8 LVB2.7 LVB3.5
TP DOP N03 NH4 TP DOP N03 NH4 TP DOP N03 NH4
mg P/L mg P/L mg N/L mg N/L mg P/L mg P/L mg N/L mg N/L mg P/L mg P/L mg N/L mg N/L
Aug-99 0070 0.005 1.360 0.080 0.012 0.005 0 819 0 080 0.012 0.005 0.816 0 080
Sep-99 0035 0.006 1.318 0.080 0.012 0.006 1.048 0 080 0.007 0 005 0.757 0 080
Oct-99 0.005 0.006 1.979 0.080 0.005 0.008 1.438 0 080 0 005 0.006 1 342 0.080
Nov-99 0.014 0.006 1.145 0 080 0.016 0.005 1 171 0.080 0 007 0.005 0 898 0.080
Dec-99 0014 0 010 0.746 0.080 0.011 0.005 0.644 0 080 0012 0 005 0.659 0 080
Jan-00 0 008 0.008 0.720 0 080 0.009 0.011 0 580 0 080 0 008 0 006 0 630 0 080
Feb-00 0029 0 015 1 030 0080 0.016 0.010 0 940 0.080 0 009 0 007 0 840 0 080
Mar-00 0 017 0.013 2 610 0.080 0.016 0.008 1 150 0 080 0012 0 008 0 930 0 080
Apr-00 0.018 0.006 3 428 0 080 0011 0 006 1 395 0 080 0.010 0.005 1 195 0 080
May-00 0 022 0.014 4 507 0.080 0012 0 008 1.296 0 080 0 008 0 006 0 982 0 080
Jun-00 0 018 0 007 1.829 0.080 0.017 0 005 1 321 0 080 0 007 0 005 0 555 0.088
Jul-00 0 009 0.010 1 010 0 080 0.011 0.009 0 903 0 080 0.013 0.009 0.641 0.080
.Aug-00 0.017 0.013 1 128 0 080 0.017 0.007 1 217 0 080 0 007 0.007 0 945 0 080
Sep-00 0 033 0 007 1.353 0 080 0.026 0009 0 832 0 080 0 024 0 009 0.659 0 080
Oct-00 0.029 0 008 0.029 0 080 0.010 0.009 0 791 0 080 0 008 0 009 0 696 0 080
Nov-00 0 016 0.005 0.849 0 080 0 016 0 005 0.800 0 080 0 013 0 008 0 311 0 080
Dec-00 0.034 0.007 0.606 0.080 0.010 0 005 0.527 0 080 0 009 0 006 0 510 0 080
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APPENDIX B
RAW DATA FOR ALL ALG AL GROWTH POTENTIAL TESTS WITH 
CURRENT NUTRIENT LEVELS OF THE LAS VEGAS BAY
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Table T 1.8 - SC - Control Table T 1.8 - SC - 1.0 N
tiav’s c o n t r o i- 1 c o n t r o l - 2 c o n t r c l - 3 c c n (ru > -4 J a v s 1 ON-1 1 0M-2 1 ■ JM-3 ri-4
C F C F C F u C F J C F u C F u C F J
Q 16 19 2 7 20 0 19 23 25 13
30 0 63 33 0 .5 5 35 0 .2 6 24 : IB 35 0  6 1 41 0 .5 8 50 0 . 6 9 33 0 .6 1
2 34 Û 13 36 0 09 33 0 03 40 0 .5 1 2 43 0 21 49 0 13 59 0 17 41 0 22
3 33 0 11 4 0 0 11 37 -0 03 37 ■0 OS 3 30 -0 08 39 -0 03 44 -0 06 37 0 C6
4 23 43 31 30 -0 29 35 -0 06 24 ■0 43 4 45 0 41 53 0 31 58 0 28 40 0 08
5 31 0 10 34 0 13 36 0 03 36 0 41 5 42 -0 07 5 5 0 04 6 5 0 11 46 0 14
6 24 -0 26 33 -0 03 34 -0 06 32 -0 12 6 40 -0 05 45 -0 20 54 -0 19 35
7 32 0 29 37 0 11 40 0 16 37 0 15 7 45 0 12 46 0 02 62 0 14 5 3 0 41
3 25 -0 25 26 -0 35 20 ■0 69 29 -0 24 8 31 -0 37 31 -0 39 51 -0 20 41
9 32 0 25 36 0 33 37 a) 04 0 24 9 4 6 Ü 39 41 0 29 65 0 24 48
10 21 -0 42 29 -0 22 31 -0 18 30 -0 21 10 36 -0 25 41 0 00 53 -0 20 43
11 4 1 0 .6 7 34 0 16 4 1 0 05 4 1 0 31 11 35 -0 03 41 0 00 63 0 17 50 :  15
12 41 0 GO 39 0 14 41 0 00 41 0 00 12 45 0 25 43 0 05 64 0 02 4" ■0 CO
13 33 -0 22 26 •0 41 34 ■0 19 34 -.0 19 13 37 -0 20 37 -0 15 55 -0 15 39
14 26 •0 24 34 0 27 31 -0 09 35 0 03 14 31 -0 13 26 -18 75 34 0 03 53 c 31
T a b le T 1 .8  - S C - 0 } 5 P T a b le  T  1 .8  -  S C  -1 .0  N  + 0 .0 5  P
days J 05P-1 0 05P-2 0 05P-3 0 05P-4 d a y s 1 CN»0 05P-1 1 0N»0 C5P-2 1 ON»C G5P-J 05 P-4
C F C F C F C F J C F u C F CF J
0 26 2' 18 15 0 22 20 18 2'
1 44 0 53 38 0 59 46 0 94 38 J 93 ! 37 0 52 29 0 37 4 ’ 0 82
123 1 .0 3 95 0 .9 2 120 0 .9 6 1 15 1 1 1 2 ’ 16 1 .1 4 100 1 .2 4 96 0 . 8 5 ’ 23 1 .2 3
3 ' 89 3 43 152 0 47 200 0 51 191 : 51 3 198 0 53 268 0 99 124 0 26 216 ) 56
4 327 0 55 205 0 30 261 0 27 230 0 19 4 239 0 19 395 0 39 146 0 16 283 } 27
5 345 0 05 255 G 22 360 0 32 236 0 03 5 340 0 35 486 0 21 162 0 10 328 : ’ 5
6 438 0 24 300 0 16 360 0 00 246 0 04 6 357 0 05 5 0 0 0 03 253 0 47 359 0 09
7 419 -0 04 295 -0 02 360 0 00 271 0 10 7 415 0 15 495 -0 01 360 0 33 509 : 35
3 392 -007 346 0 16 359 0 00 287 0 06 8 410 -0 01 435 -0 02 450 0 22 '45
9 393 0 00 391 0 12 371 0 03 291 :} 01 9 410 0 00 485 0 00 445 -0 01 '46
10 4 0 6 0 03 402 0 03 330 0 02 350 0 IB 10 41 1 QGO 444 C 09 447 0 00 7 4 9
11 370 -0  09 455 0 12 3 8 1 0 00 373 0 06 11 4 2 0 0 02 410 -0 03 480 0 37 -0 2
12 323 -0 14 4 8 5 0 06 346 -0 10 371 -0 01 12 414 •0 01 401 -0 02 531 j ' 0 'O'O
13 333 0 03 480 -0 01 334 -0 04 3 7 6 0 01 13 419 0 01 382 -0 05 533 0 00 621
14 335 001 431 0 00 316 -0 06 356 .0 05 14 420 0 00 345 -0 10 5 3 5 0 00 645 ■} ';4
T a b le  T  1 .8  -  S C  - A v e r a g e
days lonlrol 1 0 H 0 Û5P 1 ON ♦ G05P
CF CF J CF CF
21 25 20 20
1 31 0 .4 0 40 0 .4 7 42 ■ '3 36
3 ' 0 19 48 3 19 ’ 13 1 .0 0 1 09 1 1 1
3 38 0 03 33 -0 25 133 1 48 202 J 62
4 2G 26 49 0 27 231 0 43 266 0 28
5 34 0 16 5 2 0 06 237 0 02 329 0 21
6 31 -0 1 1 44 -0 13 3 1 1 0 03 336 0 02
37 0 17 52 0 17 311 0 00 370 0 10
3 25 -0 33 39 -0 29 309 -/] 01 4 2 3 0 13
36 0 35 50 0 26 307 -0 01 421 00
23 -0 25 43 -0 '5 300 -0 02 4C8 ■0 03
19 0 35 4’ 291* -0 01 .389 ■0 75
4 1 0 03 231 ■0 26 384 -0 0 ’
■3 32 -0 24 42 -0 231 0 00 354 -.7 08
14 32 -0 01 36 272 -0 03 351 -0 01
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Table T 2.7 • SC - Control Table T 2 .7 - S C - 1.0 N
days contfül-l ccnlfoi-2 control-3 ControM days 1 ON-1 1 CN-2 1 Or4-3 1 0N-4
CF 1 CF CF u CF u CF J CF J CF Ü CF a
0 13 23 21 18 0 20 21 22 21
1 21 0 15 24 0 04 27 0 25 17 -0 06 30 041 30 C 36 35 0 46 26 0 21
D 15 -0 34 14 -0 54 18 41 4 -1 45 2 29 -0 03 34 0 13 30 -0 15 14 -0 62
3 32 0 21 7:1 0 13 30 0 05 28 0 25 3 33 0 13 33 -0 03 0 06 39 0 20
4 36 3 12 V 0 18 37 0 21 31 0 10 4 39 0 17 57 0  5 5 35 0 09 i2 -0 20
5 42 0 15 45 0 20 53 0 .3 6 47 0 . 4 2 5 75 0 .6 5 G 30 '1 0 .7 1 30 -O' 06
6 53 0 23 69 0 .4 3 71 0 29 55 0 16 6 105 0 34 90 0 16 100 0 34 59 0 31
7 '1 0 . 2 9 0 04 55 ■i3 19 69 0 23 80 -0 27 • '2 '03 0 03 98 0 51
a 61 43 15 53 0 26 54 -0 09 49 -0 34 3 119 0 40 99 -C 12 100 -0 03 53 -O' 61
9 62 0 02 97 0 04 54 0 00 53 o ca 9 91 -0 27 95 -C 04 105 0 05 89
10 -0 23 1 0 4 0 07 73 0 30 7 4 0 33 10 1 9 5 0 25 'OS 0 13 93 -0 12 85 -0 05
• t 7 7 0 11 65 -0 47 79 0 08 67 -0 10 11 93 -0 74 108 C GO 116 0 22 1 2 9 0 42
. n 69 -0 1 1 33 0 36 30 0 01 66 -0 02 12 '22 0 27 1 4 0 0 26 146 0 23 73 -0 57
13 65 -0 06 -0 07 81 001 60 -0 10 13 119 -0 02 -0 04 1 5 0 0 03 66 -0 10
•4 54 -0 19 8 ' 0 90 75 -1 15 55 0 07 115 ■0 33 -0 O' 1 T
T a b le T 2 . 7  - S C  - 0 . 0 5  P T a b le  T  2 .7  • S C  .  1 .0  N  + 0 .0 5  P
d a y s :■ j5f - i 9 :5P-2 0 Û5P-3 0 05P-1 da ,s 1 CN' Q5P-1 1 ON'f 05P-: 1 ON-' 05P-3j 1 ON'' OOP 4
c= J CF CF CF u CF CF J CF u CF J
0 15 2C 24 21 0 22 15 25
1 46 1 1 2 34 0 53 31 0 26 40 0 64 1 53 0 .8 8 28 0 50 39 0 .9 6 31 0 22
2 33 -0 33 31 ■0 09 33 0 06 57 0 35 2 33 -0 47 42 0 41 -0 37 39 0 23
3 32 -0 03 39 0 23 89 0 .9 9 37 -0 43 3 48 0 37 42 0 GO 59 0 78 53 G 31
4 34 0 06 46 0 17 36 -0 03 48 0 26 4 58 0 19 40 -0 05 -0 34 63 0
5 47 0 32 >1 0 16 132 0 43 54 0 12 5 107 061 112 1 .0 3 100 0 87 133 0 75
D '23 0 96 100 0 .6 2 176 0 29 124 0 .0 3 6 152 0 35 '58 0 34 117 196 0 .3 9
7 145 3 16 103 0 03 215 0 20 145 0 16 136 ■0 11 '63 ':3 0 55 280 ? 36
8 139 0 27 152 0 34 247 0 14 190 0 27 3 193 0 35 20 7 24 23’ 0 22 330
4 257 0 31 204 0 29 373 0 43 188 -0 01 9 291 0 41 362 : 56 332 0 34 365
10 323 0 24 263 0 25 456 0 19 203 0 08 10 311 0 07 367 G G1 398 0 18 495 :■ 30
11 408 Q 22 0 05 411 -0 10 262 Q 26 1 1 437 0 34 441 0 18 447 0 12 586 : 17
12 4 3 2 0 06 353 0 15 4 4 4 0 08 339 0 26 12 533 0 20 526 0 '8 483 0 08 676 3 14
13 431 0 00 379 0 37 432 -0 03 3 4 0 0 00 13 540 0 01 5 3 0 0 01 575 0 17 755 ■311
14 426 -0 01 3 8 0 0 00 440 0 02 337 -0 01 14 5 81 0 07 626 ■0 01 6 3 1 0 09 8 3 0 0 09
T a b le  T  2 .7  -  S C  -  A v e r a g e
days control 1 0 N 0 05P 1 ON «- 0 05P
CF Li CF CF u CF
20 21 20 20
1 22 0 1 Î 30 0 36 33 0 64 38 0 05
'3 -O' 56 2" -3 *1 39 0 02 35 -0 07
3 30 0 15 34 0 25 49 0 25 51 0 36
4 35 0 15 41 0 17 54 COS 51 0 00
5 0 . 2 8 63 0 .4 4 72 0 29 113 0 30
6 62 0 23 89 0 34 156 0 .7 8 179 0 . 4 6
7 68 0 09 93 0 10 1 73 0 13 167 -0 07
a 64 -0 05 93 -0 '36 182 0 03 207 0 21
67 0 03 95 0 02 244 0 29 213 C G3
'0- 'G 1 1 12 0 0 24 263 0 07 343 0 48
11 -0 03 '12 -0 08 0 04 513 0 41
12 7 7 0 2:* '20 0 08 367 0 30 6 0 0 0 15
13 '3 0 05 118 -3 02 3 7 1 3 01 593 0 00
'4 68 -0 03 *13 -0 04 3'1 0 00 594 -0 01
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Table T 3.85 - SC ■ Control Table T 3.85 - SC • 1.0 N
days control-1 control-2 control'3 controM days 1 ON-1 1 o r i-2 1 0N-3 1 0N-4
CF CF u CF U CF CF u CF u CF u CF
0 25 24 23 25 0 18 19 21 20
• 35 0 34 37 0 .4 3 33 0 .3 6 29 0 15 1 13 -0 33 12 -0 46 17 -0 21 19 -0 05
? 54 0 .4 3 44 Q 17 41 0 22 55 0 . 6 4 2 34 0 32 37 0 33 24 0 24 31 0 22
3 46 0 14 4 9 0 14 41 0 11 5 6 0 33 3 64 0 .6 3 55 0 .4 0 50 0 .3 9 42 0 .3 0
4 6 3 0 31 43 ■0 13 40 -0 02 42 -0 29 4 50 -0 25 45 ■0 20 61 0 20 44 0 05
5 48 -0 27 33 ■0 12 39 ■0 03 41 -0 02 5 50 3 00 35 ■0 25 63 0 03 52 0 17
6 4* -0 16 27 -0 34 41 0 05 35 -0 16 6 36 -0 33 35 G CO 6 4 0 02 5 7 0 09
41 Q GO 34 0 23 45 0 09 39 Q 11 7 4 6 0 25 4 1 0 16 64 0 00 55 -0 04
j 45 0 09 16 -0 75 40 -0  12 39 0 00 8 37 -0 22 34 -0 19 64 000 51 -0 08
3 54 0 13 37 0 04 37 -0 08 49 0 23 9 38 0 03 41 0 19 51 -0 23 51 0 00
•G 46 -0 16 31 ■0 18 40 0 08 43 -0 13 10 29 -*0 27 20 -0 72 53 0 04 44 ■0 15
• 1 5 1 0 10 31 0 00 37 -0 08 41 -0 05 11 39 0 30 35 -0 08 44 -0 19 47 0 07
- ■> 43 ■0 17 31 0 00 26 -0 35 41 0 GO 12 39 0 00 30 -0 15 38 -0 15 48 0 02
•3 .31 -0 33 20 -0 44 23 -0 12 28 -0 33 13 31 -0 23 25 -0 13 36 -0 05 40 -0 18
•4 34 0 09 11 60 14 -0 50 16 -0 56 14 31 0 :n 0 39 35 -0 03 32 22
T a b le  T  3 .8 5  • S C  • 0 . 0 5 P T a b le  T  3 .8 5  -  S C  -1 .0 N  <■ 0  0 5 P
JJ.S P-1 0 05P-2 G05P-3 0 05P-4 da-.-s 1 ON*Q 05P-1 1 GNUO C5P-2 1 GN+0 05P-3 1 ÛN*^}Q5P-4
CF CF CF CF CF u CF u CF u CF u
,j 24 22 19 21 0 23 25 23 21
1 29 0 19 19 -0 15 27 0 35 35 0 51 1 29 0 23 35 0 34 39 0 .5 3 40 0 64
J 44 0 42 44 0 34 42 0 44 39 0 11 2 49 0 52 44 0 23 46 0 17 62 0 44
3 108 0 .9 0 105 0 .8 7 95 0 .8 2 100 0 . 9 4 3 110 0 .8 1 90 ) '2 54 0 16 96 0 44
4 200 0 62 199 0 64 174 0 61 191 0 65 4 201 0 60 276 1 .1 2 '5 3 33 249 0 .9 5
6 326 0 49 273 0 32 235 0 45 430 0 81 5 243 0 19 350 3 24 30 0 06 337 0 30
6 34' 0 04 386 0 35 310 0 08 695 0 43 6 316 0 26 675 0 66 73 -0 03 436 0 37
- 357 0  05 373 -0 03 411 0 28 329 0 18 7 360 0 13 835 0 21 71 -0 09 569 0 16
a 363 0 02 377 0 01 422 0 03 915 0 10 8 475 0 23 1 0 1 5 0 20 59 -0 19 5 8 5 0 03
446 0 21 410 0 08 505 0 18 1 0 0 1 0 09 9 565 0 17 1015 0 00 51 -0 15 539 -0 08
'0 531 0 17 486 0 17 5 1 1 0 01 931 -0 07 10 643 0 13 900 -0 12 52 0 02 515 -0 05
540' 0 02 503 0 03 511 0 00 961 0 03 11 725 0 12 .806 -0 n ’ 0 0 30 479 -0 0’
• 2 6 5 1 0 19 581 0 14 491 -0 04 955 -0 01 12 796 0 09 7:4 ■0 '4 91 0 26 456 -0 05
1 3 64/ 0 00 605 0 04 487 -0 01 910 -0 05 13 8 4 5 0 06 660 ■0 06 120 0 23 419 -0 0.8
14 641 -0 01 6 8 9 0 13 488 0 00 905 01 14 819 -0 03 580 ■0 13 1 4 0 0 15 383 -0 09
T a b le T  3 .8 5 s c  • A v e r a g e
da/s ccntrci 1 0 N 0 05P 1 ON ♦ 0 05P
U CF u CF U CF u
24 20 23
34 0 32 15 -0 25 36 0 44 23 0 25
: 4 9 0 .3 7 34 0 28 0 34 42 0 43
3 48 -0 01 5 3 0 .4 4 38 0 55 102 0 .8 8
4 47 -0 02 50 -0 05 200 0 .8 3 191 0 63
5 42 -0 12 50 0 00 253 0 23 329 0 54
36 -0 14 48 -0 04 389 Q 43 433 0 28
40 0 10 52 0 07 459 0 17 493 0 13
8 35 -0 13 47 -0 10 534 0 15 515 0 05
'J 0 23 45 -0 03 5 4 3 0 02 5 5 8 0 07
10 40 -0 10 37 -0 21 523 ■0 03 540 -0 03
1 1 40 0 00 41 -0 05 520 -0 01 549 0 02
J :ô -0 13 39 -0 06 51: -0 02 545 -0 01
'3 26 -0 32 33 -0 16 511 0 00 532 -0 02
-0 31 29 ■0 14 48! ■0 06 531 0 00
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Table T 4.95 • SC - Control Table T 4 95 -S C  -1 0  N
days control-1 control-2 control-3 control-4 days 1 ON-1 1 GM-2 1 0N-3 1 0
CF CF CF CF CF u CF u CF CF
0 23 20 29 33 0 23 20 17 27
1 36 0 45 30 041 43 0 39 46 0 33 1 33 0 36 36 0 . 5 9 37 0 .7 8 21 -0 25
67 0 .6 2 30 0 00 86 0 .6 9 59 0 25 2 51 ■J 44 53 0 39 46 0 22 59 0 .3 9
3 101 0 52 41 0 16 121 0 52 118 0 .4 7 3 94 0 .6 1 90 0 53 93 0 70 81 0 32
4 141 3 33 63 0 .5 1 140 Q 15 1 5 6 0 28 4 105 0 1 1 116 0 25 135 0 37 91 0 12
5 139 0 29 75 0 10 165 0 16 151 -0 03 5 1 4 0 Q 29 160 0 32 1 7 8 0 28 110 0 19
,5 2 0 0 0 06 31 0 08 2 0 0 0 19 120 -0 23 Ô 125 ■0 11 1 7 5 0 09 '70 -0 05 127 0 14
7 185 -0 03 35 0 05 182 -0 09 151 0 23 132 157 -0 1 1 165 -0 03 141
8 173 -4] 07 9 4 0 10 194 0 06 143 -0 05 a 136 ■J 03 146 0 07 1 70 0 03 150 0 : 6
J 140 -<3 21 76 -0 21 135 -0 36 107 -0 29 9 117 -0 22 153 -0 11 1 7 2 14
10 135 ■0 0 Ï 74 -0 03 120 -0 12 99 0  08 10 137 0 03 120 0 03 160 0 04 166 C 04
11 ' 14 -0 17 75 0 01 125 0 04 100 0 01 11 130 ■0 05 141 0 16 140 -0 13 135 -0 21
'2 ' 10 -0 04 70 -0 07 143 0 13 89 -0 12 12 140 Q 07 147 0 04 135 -0 04 131 ■*3 03
13 91 -0 19 ao 0 13 119 -0 13 95 0 07 13 136 -0 03 145 ■001 121 -0 11 115 -0 13
14 39 -0 02 69 -0 15 123 0 03 89 -0 07 14 141 0 04 136 -0 06 133 0 09 35 -0 30
T a b le  T  4 . 9 5  -  S C  - 0 . 0 5  P T a b le  T 4 . 9 5 - S C  - 1 . 0  N  +  0 . 0 5  P
days 0 05P-1 0 05P-2 0 05P-3 0 0;uP-4 days 1 ON+0 05P-' 1 QN»0 C5P-2 1 0N»O 05P-3 1 ON*f 05P-4
CF CF CF J CF CF u CF J CF u CF
30 9 29 23 16 30 33 32
1 30 0 GO 32 1 .2 7 40 0 32 50 0 58 *9 22 -0 31 2 ' - -  45
T 30 0 .9 8 97 1 11 68 0 53 110 0 .7 9 2 65 1 2 3 60 1 0 0 54 0 .9 4 0 86
3 126 0 45 132 0 31 140 0 .7 2 155 0 34 3 91 0 34 32 0 31 90 0 51 99 3 33
4 171 0 31 167 0 24 208 0 40 194 0 22 4 161 0 57 ICO 0 20 102 0 13 17 0 • ’
5 180 0 05 300 0 59 273 0 27 240 0 21 5 235 0 38 127 0 24 125 0 20 250 0 "6
6 175 -0 03 430 0 36 370 0 30 240 0 00 6 336 0 36 137 0 08 151 0 19 291 0 15
7 165 ■0 06 534 0 22 440 0 17 241 0 00 470 0 34 145 0 06 172 0 13 453 G 44
8 179 0 08 583 0 10 531 0 19 243 0 01 3 591 0 23 152 0 05 179 0 04 630 0 33
200 0 11 669 0 13 607 0 13 237 -0 03 9 690 0 15 197 0 26 222 0 22 718 0 13
10 215 0 07 7 0 5 0 05 655 0 08 271 0 13 10 750 0 08 231 0 16 237 0 26 370 0 '9
1 1 200 -0 07 699 01 670 0 02 289 0 06 11 820 0 09 229 -0 01 299 0 04 9 6 7 0 1 1
12 225 0 12 690 -0 01 660 •0 02 3 1 1 0 07 12 9 1 0 ') 10 235 0 03 372 0 22 869 1 •
13 220 -0 02 665 -0 04 690 0 04 277 ■0 12 13 8 70 -0 04 2 4 2 0 03 3 9 7 0 T 85'
14 3 0 7 0 33 650 ■0 02 7 3 6 0 06 250 -0 10 14 810 ■0 07 221 ■0 09 3.80 -0 )4 812
J.v/S control 1 0 N 0 05P 1 ON ♦ 0 05P
CF CF CF u CF u
Ü 26 22 24 28
39 0 39 32 0 38 38 0 46 23 -0 19
61 0 .4 5 52 0 50 39 0 .8 5 63 1 .0 0
3 95 0 45 90 0 .5 4 133 0 44 91 0 37
4 126 0 23 112 0 22 185 0 29 120 0 28
5 145 0 14 147 0 27 248 0 29 134 0 43
Ô •50 0 04 149 9 02 304 9 20 229 9 22
7 1 5 1 0 00 149 0 GO 345 0 13 310 0 30
8 151 0 00 151 9 01 335 0 11 338 0 22
9 115 -0 28 142 -0 06 428 0 11 457 0 16
10 107 -0 07 146 0 02 462 0 07 535 0 16
: f -0 03 137 -J 02 405 0 01 579 0 03
12 103 .3 00 138 0 01 472 0 01 5 9 7 0 03
13 96 -0 07 129 -0 07 463 -0 02 590 -001
14 93 ■0 04 124 -0 04 4 8 6 0 05 556 -0 06
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Table T 2.7 - LP - Control Table T 2 .7 - L P - 1.0 N
CGntrcl-i
C F
18
20
64
35
101
159
193
182
139
139
0 11 
1 .1 6
0 72 
0 17 
0 45 
0 22 
•0 08 
0 04' 
0 00
control-2
CF
11
23
61
80
95
176
217
200
222
229
0 93 
0 78 
0 52 
0 17 
0 62 
0 21 
■0 08 
0 10 
-0 82
control-O
CF
16
25
52
72
94
174
181
190
175'
230
0 45 
0 .7 3
0 53 
0 27 
0 62 
0 04 
0 05 
-0 08 
■*') 29
controM
CF
1 4
26
57
98
97
191
203
211
200
0 62 
0 .7 8
0 66 
•0 01 
0 68 
0 09 
0 10 
-0 03 
0 :5
T a b le  T  2 . 7 - L P - 0 . 0 5  P
days 0 05P-1
CF
1 4
25
163
393
2233
2953
2460
5 8 5 5
5085
0 58 
1 .0 6
0 35 
0 06
1 73 
0 28 
■0 13 
0 87 
-0 07
0 05P-2
CF
6
23
34
161
213
493
1103
1998
1755
5 2 5 0
1  3 4
1 30 
0 .6 5
0 23 
0 85 
0 79 
0 59 
-0 13 
0 55
0 06P-3
CF
13
22
84
134
421
1830
2590
2735
3475
6 8 7 5
0 .5 3
1 34 
0 73
0 33
1 50 
0 32 
0 05 
0 24 
0 34
0 05P-4
CF
12
61 
155 
377 
914 
1153 
2590 
1230 
2 4 7 5
0 61 
1 0 2  
0 93 
0 .8 9  
0 39 
0 23 
0 31 
-0 70 
0 33
T a b le  T  2 .7  - L P  -  A v e r a g e
days control 1 0 N 0 05P 1 ON * 0 05P
CF CF CF J CF
0 15 10 17
1 18 0 17 11 0 05 24 0 33 11 0 42
18 0 00 14 0 27 37 0 44 37 1 21
.3 22 0 .2 0 19 0 .3 0 30 0 76 76 3 71
4 26 0 17 16 -0 18 131 0 50 277 1 .3 0
5 3 0 0 14 20 0 27 351 0 .9 9 472 0 53
6 29 •*3 03 23 0 14 447 0 24 660 0 33
7 23 -0 25 15 -0 46 532 0 IS 901 0 31
8 26 0 14 2 7 0 29 611 0 14 1019 0 12
’ 0 24 -0 05 25 -0 02 6 2 2 ■) 31 1 1 6 3 0 07
da>-s 1 ON-l
CF
18
25
50
84
92
157
179
138
176'
140
0 33 
0 .6 9
0 52 
0 09 
0 53 
0 13 
0 05 
-0 07 
-0 11
1 ON-2
CF
10
20
42
95
140
163
160
147
121
0 69 
0 .7 4
061 
0 21 
0 39 
0 15 
-0 02 
-0 08 
-0 10
1 ON-3
23
22
60
72
94
152
130
193
194 
201
-0 04 
1.00
0 18 
0 27 
0 48 
0 17 
0 07 
0 01 
0 02
1 O M -4
C F
11
20
51
73
115
163
170
200
3^3
19'"-
0 60 
0 94 
0 36
0 45 
] 35
T a b le  T  2 .7  -  L P  - 1 .0  N  ♦  0 . 0 5  P
days
10
1 ON+0 05P-1
CF
13
25
70
190
475
1645
2268
4 5 3 8
4505
4220
0 65 
1.03
1 GO
0 92
1 24 
0 32 
0 69 
-0 01 
-0 03
1 ON+0 05P-2
C F
104
201
406
1655
2290
4378
4920
5 4 5 5
0 29 
2 .1 6
0 66
0 70
1 41 
0 32 
0 76 
0 01 
0 05
1 ON+0 05P-3
CF
26
95
157
356
1454
1838
3745
4056
4 4 7 5
1 1 3  
1 .3 0
9 50
0 32
1 41 
0 23 
0 71 
0 08 
0 05
1 0N»0 05P-1
CF
14
23
39
332
1353
2783
7255
4235
7 1 1 5
i 50
0 .7 5
* 58 
0 41
0 96 
-0 53 
0 25
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Table T 3.85 • LP • Control Table T 3.35-LP  -1.0 N
d a y s c o n tro l-1 c o n t r n l - 2 c c n l r o i - 3 c o n t r o l - 4 d a y s 1 O N -1 1 ON-2 1 ON-3 1 ON-4
C F u CF C F C F C F u C F 1 C F C F J
0 10 15 23 9 0 9 20
1 35 1 2 5 30 ■j 6'j 33 0 36 19 0 75 1 23 1 .3 9 29 1 .1 7 32 0 47 27 1 .1 0
2 81 C 84 56 0 .7 9 69 0 .7 4 49 0 . 9 5 2 53 0 73 61 0 "4 0 .6 1 54
3 39 0 47 76 ] 46 94 0 47 56 0 56 3 71 0 20 81 0 28 73 0 21 n  ‘
4 105 0 17 34 0 10 S3 0 05 66 0 13 4 30 G 12 89 0 09 82 0 12 66 -0 02
5 136 0 26 107 0 24 95 0 08 39 0 30 5 90 0 12 95 0 07 98 0 18 33 0 23
6 170 0 22 145 0 30 113 0 2 2 1 20 0 30 6 113 0 23 125 0 27 118 3 19 116 0 33
210 0 21 142 -0 02 129 0 09 134 0  11 140 0 21 160 0 25 155 0 27 133 0 14
a 203 -0 03 175 0 21 133 0 03 169 0 23 8 133 ■0 05 170 0 06 191 J 21 144 0 08
9 223 0 09 177 0 0 1 1 3 6 0  0 2 178 0 05 9 150 0 12 1 7 1 001 198 0 04 151 O' 05
10 2 4 9 0 11 1 8 5 0 04 133 - 0  0 2 1 9 0 0 07 10 1 6 1 0 07 167 -0  0 2 2 1 3 0 07 1 6 0 0 06
T a b le T 3 . 8 5 - L P - ( ) . 0 5 P T a b le  T  3 .8 5 -  L P  -  1 .0  0 . 0 5  P
d a - .s 0 05P-1 0 05P-: 0 05P-3 0 05P-4 d a y s 1 ON+0 05P-1 1 ON+0 C5P-2 1 0N-O05P-3 1 ON-0 05P-4
C F C F C F u C F C F C F C F u C F u
0 7 12 5 12 0 16 8 10
: 37 1 .6 7 50 1 43 3 6 1 .9 7 37 1 .1 3 1 57 I 27 50 1 -9 7 59 2 .0 0 1 ,7 4
94 0 93 565 2 .4 2 102 1 04 1 0 0 0 99 2 251 1 .4 8 125 0 92 111 0 63 141 u 91
3 149 0 46 2303 1 40 138 0 61 139 0 33 3 400 0 47 207 0 50 152 0 31 18-f : 29
4 302 0 71 3765 0 49 3 9 1 0 73 271 0 67 4 613 0 43 391 0 64 312 ] '2 386
5 401 0 23 2573 -0 33 527 0 47 476 0 56 5 803 0 27 1245 1 16 1193 1 34 605 0 45
6 435 0 19 2448 -0 05 789 0 23 601 0 23 6 906 0 12 1565 0 23 1323 0 10 .'0' 0 24
7 551 0 13 2 9 5 3 0 19 819 0 04 646 0 07 347 ■0 07 1443 -0 08 1595 0 19 355 O' 11
8 563 0 02 2073 ■0 35 901 0  10 7 3 0 0 12 3 9 5 7 0 12 1443 0 00 1743 0 09 9 0 9 0 06
9 5 7 0 0 01 1353 -0 11 933 0 03 725 -0  01 9 900 -0 06 1 4 7 0 0 02 *'53 0 00 896 -0 01
10 568 00 1503 -0 21 9 6 8 0 04 622 -0 15 10 872 -0 03 *430 -0 03 1 8 1 5 0 04 C 0 i
T a b le T 3  8 5 -  L P  - A v e r a g e
d a v s c o n t r o l 1 0 N 9 C5P 1 ON ^ 0 05P
C F u C F C F u C F u
0 14 11 9 10
1 29 0 72 29 0 .9 5 40 1 49 53 1 .6 5
66 0 .8 2 58 0 69 215 1 .6 8 152 1 05
3 77 0 15 73 0 Z 2 695 1 17 237 0 44
4 86 0 11 79 9 03 1132 0 53 426 0 59
5 107 0 22 92 0 14 1020 -0 15 961 0 82
6 *38 0 26 *18 0 25 1081 0 06 1140 0 17
7 154 0 11 147 0 22 1 2 4 2 0 14 1135 0 04
8 *70 0 10 160 0 09 1068 -0 15 1 2 6 5 0 07
9 1 79 0 05 168 0 05 1020 -0 05 1255 -0 01
10 1 8 9 0 06 1 7 5 0 05 915 -0 11 1246 -0 01
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Table T 4.95 - LP - Control Table T 4.95 - LP -1.0 N
days conirol-1 control-2 control-3 coniroM days 1 ON-1 1 0N-2 1 0 J-3 1 QN-4
CF CF CF u CF CF u CF CF u CF
0 19 a 7 10 0 14 ? 21 3
30 0 46 17 0 75 16 0 83 25 0 .9 2 1 25 0 53 24 1 .1 0 29 0 29 18 1 7 9
59 0 .6 8 45 0 .9 7 51 1 .1 6 60 0 38 2 53 0 .7 5 40 0 51 60 0 .7 6 45 0 92
3 57 -0 03 47 0 04 67 0 27 60 0 00 3 64 0 47 61 0 47 57 0 36 61 ■: 6 1
4 59 0 19 58 021 61 -0 09 61 0 02 4 67 0 05 62 0 02 75 0 27 63 0 1 *
5 65 ■0 06 62 0 07 60 -0 02 60 ■0 02 5 68 0 01 55 0 05 68 ■0 10 70 0 03
6 63 0 05 63 0 02 57 -0 05 6 4 0 06 6 68 0 00 65 0 00 60 -0 13 63 -0 11
- 1 0 06 70 0 11 33 0 38 71 0 10 7 93 0 31 75 0 14 73 0 20 59 -0 07
3 75 0 04 31 0 15 104 0 23 93 0 27 a 131 0 34 35 0 13 99 0 30 74 0 23
9 39 0 17 39 0 09 105 Q 01 99 0 06 9 n o 0 06 93 0 14 99 0 00 87 0 16
10 1 0 0 0 12 1 0 7 0 13 1 1 3 0 07 1 1 8 0 13 10 1 4 0 0 01 1 0 7 0 39 1 0 8 0 09 1 0 0 0 14
T a b le T 4 . 9 S - L P  -C .0 5  P T a b le T 4 . 9 5 - L P  - 1 . 0  N  +  0 . 0 5  P
dJVS C 05P-1 0 05P-2 0 05P-3 0 05P-4 -lays 1 ON+Q G5P-1 1 ON- Q5P-: 1 ON *"t! G5P-3 1 orj*-' 05 P -4
CF u CF CF CF u CF u CF CF u CF 'J
0 16 21 7 7 0 14l 11 6 10
1 34 0 75 37 0 57 33 1 55 44 1 .8 4 1 59 1 .4 4 60 1 .7 0 53 2 .1 8 62 1 .8 2
115 1 .2 2 257 1 .9 4 363 2 .4 0 113 0 94 2 140 0 ee 103 0 54 141 0 96 105 0 53
3 153 0 29 485 0 64 1367 1 33 152 0 30 3 169 0 19 185 0 59 235 0 70 192 0 60
4 291 0 64 871 0 59 2333 0 53 270 0 57 4 313 0 62 361 0 67 636 0 80 327 0 53
5 453 0 45 1136 0 27 2 3 5 0 0 01 417 0 43 5 508 0 48 463 0 25 1630 0 94 463 0 35
6 691 0 41 1205 0 06 2335 ■0 01 509 0 20 6 666 0 27 565 0 20 2325 J 55 579
329 0 13 1 2 3 8 0 03 1755 •0 29 625 021 7 '41 Q 11 644 0 13 3 8 0 8 0 30
3 371 0 05 1130 ■0 05 1133 ■0 44 703 0 12 3 736 0 06 ’ Î3 0 13 3660 ■0 04 '81 0 22
4 8 7 5 0 00 1167 -0 01 1150 002 751 0 07 9 821 0 04 835 0 13 2930 -0 22 891 J 13
10 845 -0 03 1 159 -0 01 1123 -0 02 8 0 9 0 07 10 9 6 3 0 16 9 9 7 0 18 2053 -0 36 1 0 5 8 0 1"
T a b le  T  4 . 9 5  •  L P  •  A v e r a g e
days ccnfrol 1 0 N 0 05P 1 ON *• 0 05P
CF 11 CF 11 CF CF u
0 1 1 12 13 10
' 22 0 69 24 0 .7 3 37 1 07 59 1 .7 4
54 0 .8 9 50 0 73 212 1 .7 5 122 0 74
3 58 0 07 61 0 20 539 0 93 203 0 53
4 62 0 08 68 0 11 941 0 56 409 0 68
5 62 ■0 01 68 0 00 1090 0 15 766 0 63
6 3 02 64 ■*3 06 1235 0 12 1159 0 41
' '4 0 16 75 0 16 1 1 6 2 ■0 06 1454 0 23
,8 88 Û 1.8 97 0 26 1012 -0 14 1 4 6 5 0 01
9 96 0 08 106 0 08 996 -0 02 1319 -fl 10
10 1 1 0 0 14 1 1 4 0 07 959 ■0 04 1240 -0 06
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STATISTICAL ANALYSIS RESULTS FOR BIOASSAY TEST 1.8 - SC
One-way Analysis of Variance
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Statistical Analysis Results for Bioassay Test 2.7 - SC
One-way Analysis of Variance
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Statistical Analysis Results for Bioassay Test 3.85 - SC
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Statistical Analysis Results for Bioassay Test 4.95 - SC 
One-way Analysis of Variance
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1 ^( )
Table T F1 • SC - Control Table T FI - S C -IO N
days control-1 control-2 control-3 conlroM days 1 ON-1 1 ON-2 1 0N-3 1 cfi-4
CF u CF CF u CF CF CF u CF CF
0 32 16 13 20 0 28 18 :o • 3
1 82 0 .9 4 69 1 .4 6 '8 1 -4 7 82 1 .4 1 1 35 1.11 88 1 .5 9 81 1 .4 0 9:' 1 9 3
"t 131 0 4 ' 102 159 0 71 144 0 56 200 0 36 306 ’ 25 12’
J 202 0 45 169 0 45 293 0 66 204 0 46 3 371 0 62 640 C '4 1.80 C 40 539 0 65
4 230 0 *3 196 0 14 355 0 19 255 0 22 4 446 Q IS 958 0 29 195 Q 08 788 0 29
5 230 0 20 249 0 24 434 0 20 305 0 18 5 648 0 37 .851 -0 01 261 Û 29 839 9 06
6 319 0 13 274 0 10 536 0 21 347 0 13 6 740 0 ' 3 841 ■Q 01 311 0 18 .863 0 03
- 3 7 0 0 15 2 9 6 0 03 6 1 7 0 14 3 9 6 0 13 7 7 6 4 0 03 8 6 9 0 03 3 3 9 0 09 8 7 1 0 01
■i 369 0 '30 276 -0 07 615 0 00 388 -0 02 8 726 ■0 05 301 -0 08 323 -0 05 795 ■0 09
30 : -0 09 237 ■0 03 564 ■0 04 350 -0 05 10 646 -0 06 769 -0 02 303 -0 03 734 -0 04
T a b le T F 1  - 5 Î C  - 0 . 0 5 P T a b le  T  F I  - S C  - 1 . 0 N  +  0 .0 5 P
CJcl/S 0 Ü5P-1 0 05P-2 0 05P-3 0 05P-4 days 1 ON+0 05P-1 1 ori^o 05P-: 1 GN*0 Q5PC 1 ON*' 05P-;
CF u CF CF CF J CF u CF CF u J
22 34 19 24 0 20 13 *9 1 8
80 1 .2 9 90 0 .9 7 91 1 5 7 98 1 .4 1 * 107 1 .6 8 1 9 7 ’ 03 1 6 9 100 1 .7 1
- 1 '3 141 0 45 203 0 80 205 G 74 2 157 0 30 193 3 73 156 0 43 134 J 29
3 276 : 47 216 0 43 360 0 57 340 0 51 3 250 0 47 41 1 0 76 223 0 34 205 0 43
4 364 23 307 0 35 499 0 33 451 0 23 327 0 27 633 0 43 304 0 31 262 ■J 25
490 0 30 444 0 37 691 0 33 613 0 31 5 424 0 26 826 0 27 41 ' 0 32 35' 0 31
6 651 0 12 607 0 13 741 0 07 690 0 12 6 540 0 24 1065 445 0 06 406 ‘j 13
5 8 3 0 06 5 9 6 0 *6 7 8 4 0 06 7 2 4 0 05 7 658 0 20 1 0 9 4 0 03 444 0 0':' 4 2 2
8 563 -0 03 566 ■0 05 754 -0 04 712 -0 02 8 732 0 11 ’ 093 4 5 4 0 02 40 ' 04
• 0 490 -0 07 496 -0 07 640 -0 08 610 -0 03 10 8 5 6 0 09 936 0 08 i9 l -0 j ' 355
T a b le  T  F I  -  S C  -  A v e r a g e
davs ccntrci 1 0 N 0 Ü5P 1 ON 0 05P
CF CF CF CF
0 22 20 25 21
'8 1 2 9 88 1 .4 7 90 1 .2 9 87 1 .4 2
2 • 34 : 54 271 1 00 131 0 70 175 0 62
3 : 48 533 0 64 298 0 50 331 0 53
4 259 0 -8 697 0 25 405 0 31 430 0 34
5 31’ 0 2Ü ” 9 3 13 560 0 32 625 0 28
6 369 0 ’ 5 815 0 06 622 0 11 303 0 19
4 2 0 0 ’ 3 8 3 5 0 03 6 7 2 0 03 3 76 0 03
8 412 0 02 774 -0 0 ’ 649 -0 03 9 1 3 ■0 02
’ 0 365 ■0 06 716 -0 04 559 -0 07 396 -0 08
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table T F2 - SC - Control Table T F 2 -S C - IO N
days control-1 ccntrol-2 c o n t r o i- 3 c o n t r o l- 4 days 1 ON-1 1 0N-2 1 0 J-3 1 1]N-4
CF u CF CF CF CF u CF u CF CF ‘i
22 29 37 13 0 23 16 30 J )
1 2 8 85 1 .0 8 97 0 .9 6 78 1 .4 7 1 101 1 43 1 .5 7 oo 1 10 66 1 19
: 133 3 52 0 44 224 0 34 169 0 77 2 448 1 .4 9 149 0 66 193 0 76 '63 0 90
3 197 3 39 216 0 49 423 0 64 313 0 62 3 1194 1 22 260 0 61 355 0 69 262 0 69
4 253 3 25 2 73 0 23 628 0 40 412 0 27 4 1370 0 14 349 0 29 491 J 32 37* 0 35
5 317 23 340 0 22 723 0 14 559 0 31 5 1274 -0 07 436 J 22 650 0 28 480 0 26
Ô 390 3 21 416 0 20 '29 001 643 0 14 6 1331 0 04 563 0 26 772 0 17 5 3 3 0 10
- 457 0 16 493 0 17 7 3 4 0 01 6 4 7 0 01 7 1413 0 06 674 :■ 18 8 1 4 0 05 526 -i] 01
■i 4 7 1 3 03 506 0 03 690 -0 06 605 -0 07 8 1386 -0 02 823 0 2 ’ 762 ■0 07 514 -0 32
10 457 ■>3 02 5 0 9 0i30 573 -0 09 5G5 ■0 09 10 1 4 3 5 0 02 1 0 4 4 0 12 725 -0 02 461 -3 05
T a b le T F 2  - S C  - 0 . ( ) 5 P T a b le  T  F 2  -  S C  *  I  ON + 0 .0 5 P
0 05? ’ .3Û5P-2 0 05P-3 0 05P-4 da,s 1 0N*0 05P-1 1 ON*C 05?-2 1 GN*0 05P-3 1 ON- 05P-4
CF ,J CF CF u CF CF Ü CF u CF u CF
3 20 29 37 13 0 29 21 22 21
1 31 1 .4 0 36 1 .0 9 36 0 .8 4 87 1 .5 8 1 33 1 .1 1 76 1 .2 9 106 1 .5 7 7" 1 .3 0
2 130 0 30 135 0 77 198 0 83 215 0 90 2 148 0 52 122 41? 1 3 ' ■3 50
3 295 0 49 276 0 40 320 0 48 344 0 47 3 220 0 40 1 71 0 34 '10 0 53 '8 '
4 433 3 40 339 0 34 479 0 40 527 0 43 4 296 0 30 237 0 33 827 0 15 258 Î2
5 543 : 21 516 0 23 5 9 2 0 21 650 0 21 5 339 0 27 303 : 26 '95 ■0 04 335 0 26
F 640 3 16 526 0 02 567 0  04 611 ■0 06 6 542 0 33 443 0 36 8 8 4 0 11 4*:, 22
r 6 8 6 3 O' 5 5 0 0 04 551 ■0 03 574 -0 06 7 622 0 14 525 0 1 7 856 -0 03 452 : '28
8 665 -0 03 539 ■0 02 539 -0 02 558 -0 03 8 854 0 32 701 0 29 853 0 00 4 7 1 0 04
'0 593 ■0 06 469 -0 07 454 -0 09 1 1 9 8 0 33 10 9 9 5 0 08 8 3 7 09 863 0 01 424 -0 05
T a b le T F 2 - S C  - Av e r a g e
Javs ccntrol ’ Û N 0Û5P 1 ON * 0 05P
Cr Ü CF CF u CF
0 22 26 24
1 .1 6 34 1 .3 2 85 1 .1 8 90 1 .3 2
165 O' 66 233 1 05 195 0 83 229 0 35
3 237 J 56 513 0 73 309 0 46 367 0 46
392 0 31 645 0 22 458 0 39 453 0 23
5 435 0 21 710 0 10 575 0 23 497 0 12
5 3 ’ 2 300 0 12 586 0 02 590 G ’ 3
5 8 3 8 5 1 0 06 590 0 01 634 0 03
8 563 ■0 0‘3 323 ■0 03 575 -0 03 '23 0 04
511 303 -0 01 6 7 9 0 08 7 6 5 ■0 05
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Table T F3 - SC - Control Table T F 3 - S C - 1.0 N
Javs control-1 ccntrol-2 control-3 control-4 days 1 ON-1 1 ON-2 1 ON-3 1 ON-4
CF CF CF u CF CF CF CF u ij
0 27 17 20 24 ) 22 27 33 23
47 0 55 28 0 50 27 0 30 44 0 6 ' 51 0 34 49 0 60 34 0 03 45 0 67
2 78 0 51 53 0 64 51 0 .6 4 56 0 24 2 63 0 21 47 -0 04 30 -0 13 65 0 37
3 199 0 .7 2 129 0 .7 6 93 0 62 141 0 53 3 149 0 .8 6 129 1 .0 1 76 0 .9 3 151 0 .8 4
4 287 0 37 222 0 54 138 0 39 299 0 .7 5 4 301 0 70 198 0 43 7 8 0 03 298 0 68
5 536 0 71 350 0 46 218 0 46 531 0 57 5 460 0 42 225 0 13 67 -0 15 425 0 35
; 873 0 20 504 0 13 331 021 345 0 23 7 652 0 17 368 0 25 72 0 04 656 0 22
3 859 -‘0 02 602 Q 18 464 0 34 1063 0 23 3 690 0 06 423 G 15 71 -0 01 717 0 09
9 8 8 7 0 03 639 0 06 5 9 4 0 25 1 3 6 3 0 25 9 715 0 04 477 0 11 66 -0 07 327 0 14
11 867 -0 01 7 4 7 -3 59 587 0 00 1293 0 22 11 8 5 4 0 09 5 8 2 0 10 71 0 04 8 9 3 0 04
T a b le  T F 3 - S C - 0 . 0 5 P T a b le  T  F 3  -  S C  -  I  O N  +  0 .0 5 P
days 0 05P-1 0 05P-2 0 05P-3 0 05P-; days 1 GN*0 05P-1 I CN*C 05P-2 1 CN*0 05P-3 1 0N*0 05P-4
CF u CF CF u CF J CF J CF u CF u
0 22 33 24 27 0 12 14 22 24
1 54 0 90 51 0 44 56 0 .8 5 53 0 67 1 42 1 .2 5 41 1 .0 7 37 9 52 34 0 35
2 0 05 36 0 52 2:^ 0 44 91 0 54 2 50 C 17 66 48 36 0 34 73 } '6
3 103 0 64 212 0 .9 0 131 0 41 235 0 .9 5 3 104 0 73 160 : 89 1 .0 8 160 0 .7 8
4 232 0 .9 6 435 0 83 259 0 63 401 0 53 4 399 1 34 351 0 79 511 0 71 347 0 '7
5 325 0 14 1092 0 31 413 0 47 579 0 37 5 734 061 508 0 37 1369 0 99 665 9 65
571 0 23 2300 0 37 667 0 24 328 0 *3 1033 0 17 795 0 22 3150 0 42 954 0 13
8 793 0 33 2711 0 16 889 0 29 982 0 17 3 1256 0 20 929 0 16 3840 0 20 1073 0 12
9 906 0 13 3 1 3 0 0 14 1083 0 20 1117 0 13 9 1687 0 30 988 0 06 3380 -0 13 1 4 9 6 0 33
11 1 1 7 5 0 13 2580 -0 10 1 5 4 0 0 18 1 1 7 3 0 02 11 1 7 0 3 0 00 1 2 3 2 0 11 4 0 2 0 0 09 1440 ■0 02
T a b le  T  F 3  -  S C  -  A v e r a g e
da'.'S control 1 0 N 0 05P 1 ON * 0 05P
CF J CF u CF u CF u
.3 22 24 27 18
1 37 0 51 48 0 70 54 0 70 39 0 76
2 60 0 49 58 0 19 75 0 34 59 0 42
3 148 0 .9 1 143 0 .9 0 247 1 .1 9 234 1 .3 8
4 237 0 47 266 0 62 357 0 37 377 0 48
5 421 0 58 370 0 33 602 0 52 669 0 57
: 638 0 21 559 0 21 1092 0 40 1308 0 34
5 757 0 17 612 0 09 1294 0 06 1526 G 15
839 0 10 673 0 10 1 4 8 4 0 27 1636 -0 06
11 8 5 1 0 01 7 4 3 0 05 1417 -0 05 1 7 9 9 0 05
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Table T F4 - SC - Control Table T F 4 -S C  -1.0 N
Jays control-1 control-2 control-3 conirc!-4 days 1 OM-1 1 ON-2 1 ON-3 1 or.-4
CF u CF u CF u CF CF u CF u CF CF
0 22 19 32 14 0 20 IS 22 19
41 0 62 39 0 72 47 0 38 34 0 .8 9 1 49 0 .9 0 41 0 82 31 0 34 33 0 61
2 130 1 15 71 0 60 75 0 47 57 0 52 2 72 0 38 61 0 40 103 1 25 73 0 79
3 661 1 63 160 081 150 0 69 131 0 33 3 135 0 66 209 081 400 1 .2 8 194 Q 39
4 1390 1 05 399 0 .9 1 331 0 . 7 9 305 0 85 4 377 0 71 431 0 33 799 0 69 501 0 . 9 5
5 9780 1 .6 4 545 0 31 441 0 29 432 0 46 5 531 0 34 1396 1 .0 7 ’ 275 0 47 740 D 39
7 13550 0 16 707 0 13 719 0 24 670 0 16 7 836 0 26 5270 0 66 2995 0 41 1035 J ’ 7
8 1 3 9 7 0 0 03 710 0 00 714 -0 01 661 ■0 01 8 *071 0 19 5715 0 08 2975 0 03 1522 J 39
J 6650 -0 74 7 6 7 0 08 7 3 3 0 03 7 2 7 0 10 9 1 8 5 8 0 55 8 2 8 5 0 37 1690 ■0 57 1 9 9 8 J 2 7
! 1 6590 0 00 713 -0 04 685 -0 03 683 -0 03 11 1857 0 00 5995 -0 16 3 7 2 0 0 39 1459 0 16
T a b le  T  F 4  -  S C  -  O O S P T a b le  T  F 4  -  S C  - 1  .O N  +  0 .0 5 P
days 0 05P-Î 0 05P-2 0 05P-3 0 05P-4 days 1 ON+0 05P-1 1 GN*0 05P-2 1 ON+0 05P-3 1 0N*0 Q5P-4
CF CF CF u CF CF CF CF u CF U
0 17 10 11 28 0 27 22 *7 16
1 31 0 60 50 1 .6 1 34 1 .1 3 46 0 50 1 32 0 17 24 0 09 43 0 .9 3 37 0 8 4
2 39 0 23 60 0 18 61 0 58 36 •0 25 2 70 0 78 74 1 .1 3 92 0 65 34 -0 38
3 83 0 76 140 0 85 152 0 91 50 0 33 3 149 0 76 215 1 07 203 0 91 66 3 66
4 199 0 .8 7 297 0 75 440 1 06 89 0  5 8 4 333 0 .8 0 658 1 12 479 0 86 95 0 36
5 252 0 2-1 371 0 22 571 0 26 103 0 15 5 391 0 16 1 196 0 60 602 0 23 91 -0 04
7 399 0 23 620 0 26 983 0 27 128 0 11 7 1065 0 50 3 9 3 0 0 59 681 0 06 102 0 06
3 45ft 0 14 648 0 04 1 0 2 8 0 04 1 3 7 0 07 3 2053 0 66 3370 -0 15 6 8 5 0 01 91 -0 11
0 517 0 12 6 5 3 0 01 988 -0 04 136 -0 01 9 2 6 5 0 0 26 1339 -<3 92 685 0 00 1 0 4 0 13
11 5 2 0 0 00 606 -0 04 951 -0 02 129 -0 03 1 * 2641 0 00 1955 0 19 614 -0 05 95 ■0 05
T a b le  T  F 4  - S C  - A v e r a g e
days control 1 0 N 0 Q5P 1 ON * 0 05P
CF CF u CF CF
0 22 20 13 22
-10 0 61 39 0 68 38 1 .1 1 33 0 41
2 54 0 31 74 0 65 53 0 33 69 0 73
3 163 1 .1 0 247 1 .2 1 125 0 35 289 1 .4 4
4 348 0 76 540 0 78 312 0 91 490 0 53
5 489 0 34 986 0 60 398 0 24 '32 0 40
7 639 0 13 2497 0 46 667 0 26 1892 0 48
3 695 -0 01 2621 0 05 711 0 06 2440 0 25
9 7 4 2 0 07 2 9 8 3 0 13 7 8 6 0 10 3 5 4 3 0 37
11 694 -0 03 2908 -001 759 -0 02 3258 -0 04
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Table T F I - LP - Control Table T FI -L P -1 .0 N
days control-1 control-2 ccntrol-3 ccntrcl-4 days 1 ON-1 1 N-2 1 OM-3 1 0N-4
CF CF u CF CF u CF CF u CF u CF
0 20 21 10 15 0 14 13 5 13
1 51 0 .9 4 42 0 69 41 1 .4 1 53 1 .2 6 46 1 .1 9 41 1 .1 5 56 1 .8 3 36 0 69
2 : 14 0 30 93 0 .7 9 99 0 68 107 0 '0 117 0 93 106 0 95 109 067 116 1 17
3 169 0 60 144 0 62 154 0 66 145 0 50 3 170 0 37 139 0 58 147 0 30 153 0 23
4 187 0 10 158 0 09 148 -0 04 161 0 10 4 206 0 19 197 0 04 132 0 21 175 0 13
T a b le  T F 1  - L P  - 0 . 0 5 P T a b le  T  F I  - L P - 1 . 0 N  +  0 .0 5 P
days 0 05P-1 0 05P-2 0 05P-3 0 05P4 days 1 ON+0 05P-1 1 0N*0 Q5P-2 1 GN*0 05P-3 1 ON*G C5P-4
CF CF u CF C- CF CF Ü CF u CF J
0 16 17 18 17 0 15 14 9 6
1 53 1 .2 0 51 1 .1 0 49 1 00 51 1 .1 0 1 71 1 .5 5 75 1 .6 8 60 1 .9 0 73 2 .5 6
2 1 16 '} 73 115 0 81 127 0 95 117 0 33 2 125 0 57 116 0 44 141 0 35 150 0 65
3 172 ] 39 169 0 38 170 0 29 154 0 27 3 192 0 43 160 0 32 196 0 33 153 0 02
4 228 3 23 361 0 76 626 1 .3 0 226 0 38 4 235 0 20 269 0 52 257 0 27 276 0 59
T a b le  T  F I  -  L P  -  A v e r a g e
days control 1 0 N 0 05P 1 ON 0 05P
CF u CF CF u CF u
0 13 14 17 16
1 47 0 .9 5 39 1 .0 6 51 1 .1 0 71 1 .4 9
2 103 0 79 112 1 06 119 0 76 133 0 63
3 153 0 39 165 0 39 166 0 34 175 0 23
4 164 0 07 190 0 14 3 6 0 0 77 259 0 39
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Table T F2 - LP - Control Table T F 2 - L P - 1.0 N
days control* 1 control-2 contrcl-3 controi-1 7 1 ON-1 1 ON-2 1 ON-3 : 3M-4
CF CF u CF J CF CF CF CF CF
0 12 17 23 10 0 10 7 11 11
1 49 1 .4 1 46 1 .0 0 60 0 .9 6 35 1 .2 5 1 41 1 .4 1 42 1 .7 9 43 1 .3 6 41 1 .3 2
2 96 0 67 124 0 99 132 0 79 117 1 21 2 97 0 86 93 0 79 101 0 85 77 0 63
3 138 0 36 144 0 15 215 0 49 181 0 44 3 137 0 60 137 0 59 144 0 60 101 0 45
4 203 0 39 237 0 50 293 0 33 270 0 40 4 187 0 31 171 0 22 209 0 37 *56 1 43
T a b le  T  F 2  • L P  - 0 . 0 5 P T a b le  T  F 2 L P  - I  O N  + 0 .0 5 P
days 0 05P-1 0 05P-2 0 05P-3 0 05P-4 days 1 0N*O 05P-1 1 0N*0 05P-2 1 GN*G G5F-3 1 Gfi-O >: -  4
CF u CF CF u CF CF u CF u CF y
0 19 15 10 14 0 3 3 10 7
1 58 1 .1 2 57 1 .3 4 51 1 .6 3 50 1 .2 7 1 53 1 .9 8 51 2 .8 3 51 1 .6 3 45 1 .8 6
2 1 14 0 68 97 0 53 127 091 115 0 83 2 127 0 78 123 0 88 126 0 90 106 j  86
3 183 0 47 11S 0 20 187 0 39 174 041 3 206 0 48 156 0 24 181 0 36 M3 : 30
279 0 42 189 0 47 254 0 31 382 0 79 4 242 0 16 262 0 52 230 0 24 137
T a b le  T  F 2  -  L P  •  A v e r a g e
days control 1 0 N 0 05P 1 ON 0 Q5P
CF CF u CF u CF y
0 16 10 15 7
1 48 1 .1 2 42 1 .4 5 54 1 .3 1 49 1 .9 4
2 117 0 90 92 0 79 113 0 74 121 0 90
3 170 0 37 130 0 34 166 0 33 172 0 35
4 252 0 40 181 0 33 276 0 51 230 0 29
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Table T F3 - LP • Control Table T F3 -LP  -1.0 N
< la ,s c o n i r c l - l c o n t r o l - 2 c o n t r o l - 3 c o n t r o l -4 d a y s 1 QN-1 1 ON-2 1 ON-3 1 ori-4
CF CF C F u C F u C F CF C F C F u
0 35 22 22 32 0 30 32 31 *G
1 81 0 .8 4 87 1 .3 7 76 1 .2 4 81 0 . 9 3 1 81 0 99 83 0 . 9 5 97 1 14 131 1 .8 4
2 178 0 79 183 0 74 151 0 69 184 0 82 2 230 1 0 4 159 0 65 307 1 .1 5 325 1 • 7
3 202 0 46 195 0 40 189 0 46 209 0 47 3 245 0 06 193 0 19 326 :■ 06 331
4 214 0 06 227 0 15 '94 0 03 231 0 10 4 295 0 15 246 C 24 4’ 5 0 38 42 ' 0 25
5 Î15 } 39 352 3 44 239 0 40 373 0 49 5 398 0 33 401 0 40 622 ? 27 605
6 089 0 ’ 9 659 0 63 457 0 46 502 0 28 6 548 0 32 824 0 72 1003 3 48 0 20
; 846 021 305 0 20 600 0 27 674 0 29 7 727 0 29 1399 0 53 1128 0 12 856 0 15
8 941 0 11 909 0 12 698 0 15 797 0 17 9 385 0 20 1135 C 21 1205 0 07 1 0 4 1 0 20
9 981 0 04 9 2 2 0 01 749 0 07 334 0 05 9 970 0 09 1 1 9 5 0 05 1 2 3 7 0 03 987 -0 05
11 9 9 0 0 00 349 •0 04 8 2 1 0 05 8 5 5 Q 01 11 1 0 4 2 0 04 1193 0 OG 1186 -0 02 1038 0 03
T a b le  T  F 3  • L p .  0 .0 5P T a b le  T F 3 - L P - I  O N  ♦ 0 . 0 5 P
'Ja > s 0 35P-1 3 05P-2 0 05P-3 0 05P-4 -lays 1 ON-0 05P-1 1 0N*O 05^-2 1 o r i - o C5P-3 1 o r * ' 0 35P-4
U CF C F j CF C F CF ■J U CF u
26 38 24 27 0 29 26
1 103 1 .0 5 139 1 .3 0 94 1 .3 7 114 1 .4 4 1 99 1 .1 2 1 .4 0 92 1 .2 6 1 .3 9
2 270 3 96 299 0 77 181 0 66 279 0 90 2 147 0 50' 171 0 57 149 0 48 199 0 53
3 324 0 18 341 0 13 213 0 16 314 0 12 3 217 0 39 177 0 03 183 0 21 231 0 15
4 353 0 10 396 0 15 340 Q 47 441 0 34 4 309 Q 35 217 0 20 230 0 23 300 0 26
5 493 0 33 560 0 35 488 0 36 505 0 14 5 425 0 32 383 0 53 398 3 55 431 0 36
0 675 0 30 617 0 10 901 061 936 0 62 6 946 0 80 566 0 38 '68 3 66 843 0 O'
7 918 3 31 326 9 29 1107 0 21 1094 0 16 7 1435 0 42 850 C 41 1251 j 49 1190 0 34
8 '196 0 26 933 0 13 1197 0 08 1243 0 13 9 1839 0 25 10’ 7 ] 24 1642 0 27 1541 0 26
9 1325 0 10 1133 0 14 1313 0 09 1410 0 13 9 2704 0 39 1247 0 15 1’ 7G 0 08 3054
1 ! 1 4 2 0 3 03 1 2 2 7 0 04 1 4 1 9 0 04 1 4 3 2 0 01 11 3 8 7 6 0 19 1 4 1 1 0 06 1 8 7 2 0 03 5 1 7 4 0 26
T a b le  T  F 3  •  L P  - A v e r a g e
days :ontrûi 1 0 M 0 05P 1 ON ^ 0 05P
CF u C F C F u
0 23 27 31 27
81 1 0 7 91 1 .2 0 113 1 2 8 99 1 .3 0
2 1'4 j 76 255 1 04 257 0 83 16' 0 52
J *99 0 13 274 0 07 293 0 15 202 0 19
4 217 0 09 353 0 27 334 0 25 264 0 27
5 334 0 43 507 0 35 513 0 29 411 0 44
Ô 57’ 0 55 779 0 43 732 0 42 731 C 64
7 731 3 24 1028 Q 23 986 0 23 1132 0 41
8 "36 0 13 1067 3 04 1 156 Û 13 1525 0 26
- 8 ’ 2 j 04 1097 3 03 1295 0 08 2195 0 36
879 ) 02 1 1 1 5 0 01 1 3 7 5 0 02 3 0 8 3 0 23
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Table T F4 • LP • Control Table T F 4 - L P - 1.0 N
days control-1 control-2 contrcl-3 control-4 da'/s 1 0N-1 1 0N-2 1 0N-3 1 0N-4
CF CF CF u CF CF CF CF u CF J
24 32 33 21 0 31 25 22 23
1 93 1 4 1 31 0 .9 3 99 0 .9 6 93 1 ,4 9 1 96 1 13 81 1 .1 8 32 1 .3 2 79 1 .0 4
2 205 0 74 131 0 80 202 0 71 233 0 92 2 443 1 .5 3 *99 0 90 197 0 38 149 0 63
3 236 0 14 194 0 07 252 0 22 245 0 05 3 607 0 92 256 0 58 236 0 53 287 0 65
4 286 0 19 220 0 13 266 0 05 267 0 09 4 704 0 15 325 0 24 298 0 23 300 0 04
5 4:0 3 36 335 0 42 398 Q 40 433 0 48 5 396 0 24 458 0 34 491 0 50 358 0 18
6 725 0 57 485 0 37 503 0 23 619 0 36 6 1096 0 20 844 0 61 377 0 58 440 0 21
7 Ï074 0 39 752 0 44 771 0 43 336 0 30 7 1322 0 19 1*17 0 23 •205 0 32 701
8 :32S 021 1 134 0 41 1005 0 27 1068 0 24 3 1383 0 05 1428 0 25 1345 0 1 1 1 103 0 45
9 1316 ■0 01 1225 0 08 1085 0 08 1131 0 06 5 1472 0 06 1540 0 08 1521 0 12 '363 0 21
' * 1 3 9 6 Q 03 1 2 5 6 0 01 1 1 8 0 0 04 1 2 6 9 0 06 11 1 4 8 8 0 01 1 7 0 0 0 05 1 6 0 1 Q 03 1 5 1 7 0 05
T a b le T F 4 - L .P  - 0 . 0 5 P T a b le  T  F 4  -  L P  -  1 .0 N  >  0 .Q 5 P
da  v s Û05P-1 0 G5P-2 0 05P-3 0 05P-4 days 1 ON+O 05P-1 1 ON+C 05P-2 1 ON+0 05P-3 1 ON+C 05P-4
CF CF CF CF CF CF CF u u
] 23 29 22 36 0 25 21 29 27
1 90 1 .3 6 1 14 1 .3 7 78 1 .2 7 71 0 68 1 115 1 .5 3 32 1 .3 6 38 1 .1 1 ■36 1 .1 6
259 1 06 276 0 38 262 1 21 271 1 .3 4 2 402 1 25 132 0 '3
3 294 0 13 292 0 06 300 0 14 285 0 05 3 521 0 26 213 0 19 217 0 18 113 -0 44
4 383 0 26 388 0 28 570 0 64 330 0 15 4 909 0 44 265 0 22 279 0 25 229 0 ’ 1
5 467 0 20 457 0 16 681 0 18 417 0 23 5 *001 0 21 487 0 61 491 0 57 500 0 78
n 781 0 51 703 0 43 895 0 27 573 0 32 6 '348 0 30 729 0 40 657 0 29 687 0 32
949 0 19 829 0 16 1068 0 13 709 0 21 7 1569 0 21 899 0 21 940 0 36 970 0 34
3 1234 0 30 1006 0 19 1258 0 16 926 0 27 3 1670 0 00 J 25 1255 0 29 1245 0 25
3 1279 0 00 1 162 0 14 1445 0 14 981 0 06 9 1692 0 01 *253 0 08 1456 0 15 1404 0 *2
: 1 1 4 3 3 0 06 1 2 9 8 0 06 1 5 4 2 Q 03 1 0 3 5 0 03 1 7 1 1 J 01 1 3 8 2 0 05 1 6 4 4 0 06 1 5 6 3 O' 35
T a b le  T  F 4  •  L P  -  A v e r a g e
da, 5 control 1 0 N 0 05P 1 ON *■0 05P
CF u CF u CF CF
0 29 27 28 26
1 93 1 .1 7 85 1 .1 6 38 1 .1 7 93 1 .2 9
2 205 0 79 247 1 07 267 1 11 234 0 93
3 232 0 12 347 0 34 293 0 09 266 0 13
4 26(J 11 40 7 0 16 418 0 36 396 0 40
5 394 ■J 42 551 0 30 506 0 19 620 0 45
6 583 0 39 314 0 39 733 0 38 855 0 32
7 858 0 39 1036 0 29 389 0 19 1120 0 2?
3 1 134 0 28 1315 0 19 1119 0 22 1331 0 17
:■ 1*89 Q 15 1474 0 11 1217 0 05 1451 C 09
1 2 7 5 1 5 7 7 0 06 1 3 2 7 0 05 1 5 7 5 0 06
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APPENDIX E
AN O V A  STATISTICAL ANALYSIS OF ALG A L GROWTH POTENTIAL TESTS 
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APPENDIX F
ANO VA STATISTICAL ANALYSIS OF ALG AL GROWTH POTENTIAL TESTS 
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AS INOCULA
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